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Reducing optical losses in the solar cells has always been a key challenge in enhancing 
the power conversion efficiency of the solar cells without increasing significantly the 
cost. In order to enhance the power conversion efficiency of the solar cells, a number of 
light trapping schemes have been investigated to manipulate the light inside the absorber 
layer and to increase the effective optical path length of the light within the absorber layer 
of a solar cell. In this work, periodic nanopyramid structures were utilized as the light 
trapping nanostructures in order to improve the performance of the solar cells using low 
cost maskless laser interference lithography (LIL) and UV nanoimprint lithography (UV-
NIL). In addition, a superhydrophobic property of the nanopyramids was explored to add 
a self-cleaning functionality to the front encapsulation. 
Firstly, the inverted nanopyramid structures were fabricated on Si substrate by laser 
interference lithography and subsequent pattern transfer by combined reactive ion etching 
and KOH wet etching. Maskless LIL was employed as a high-throughput, high resolution 
and low cost for the fabrication of large scale periodic nanostructures. The periodic 
inverted nanopyramid structures on a silicon substrate were used as a master mold 
substrate for the imprint process. In the first nanoimprint process, the upright 
nanopyramid structures with light harvesting and hydrophobic properties were fabricated 
on the glass substrate by simple, high throughput and low cost UV nanoimprint 
lithography using Si master mold with inverted nanopyramid structures. The upright 
nanopyramids structured glass substrates were tested for protective cover glass for solar 
cells applications and were utilized as a mold for the second imprint process.  
The diffuse transmittance and haze ratio values were significantly increased for the 
upright nanopyramid patterned glass, especially, in the wavelength range 300-600 nm
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compared to the bare glass. This indicates that antireflection and strong light scattering 
functions due to the upright nanopyramid structures were achieved. The use of upright 
nanopyramids as a cover glass, lead to the power conversion efficiency of the 
encapsulated monocrystalline Si solar cell and commercially made polycrystalline Si 
solar cell to substantially increased about 10.888% and 8.216%, respectively. This is 
mainly due to the scattering and prolong the optical path length caused by the upright 
nanopyramid structures compared to the reference cells with bare glass. In addition, the 
fluorinated upright nanopyramid structured cover glass exhibited larger contact angle 
(θCA ~132°) and excellent self-cleaning properties for dust particles. 
In the second nanoimprint process, the periodic inverted nanopyramid structures 
were fabricated on the monocrystalline solar cell and commercially made polycrystall ine 
Si solar cell front surfaces using a UV nanoimprint lithography. The pyramid coating can 
be applied after cell fabrication to eliminate any losses due to surface damage by the 
etching processes. The inverted nanopyramid structures decreased the reflectance and 
increased the external quantum efficiency over a broad wavelength range. The periodic 
inverted nanopyramid structure has successfully reduced the Fresnel reflection and led to 
directing and trapping more incident light into the monocrystalline and polycrystalline Si 
solar cells, thereby improving the short circuit current density and enhancing the power 
conversion efficiency. The power conversion efficiency of the monocrystalline Si solar 
cell and the polycrystalline Si solar cell with inverted nanopyramid structures were 
improved by 11.733% and 6.869% compared to the planar solar cells, respectively. 
Moreover, the surface of the solar cells exhibited hydrophobic properties due to increased 
contact angle caused by the nanostructure patterns and the self-assembled monolayer 
coating. The enhanced hydrophobicity provided the solar cells with an added self-
cleaning functionality.  
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Finally, the surface morphological, optical and electrical properties of ITO thin films 
prepared by RF magnetron sputtering and the fabrication of ITO films onto upright 
nanopyramid structured glass substrate were studied. The ITO films were conformally 
deposited onto upright nanopyramid structured glass substrate at optimized parameters.  
These results suggest that the periodic inverted nanopyramid and upright 
nanopyramid structures with light harvesting and self-cleaning properties have 
considerable potential for various types of solar cells and optical systems in real outdoor 
environments. 
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Chapter 1 Introduction 
 
1.1 Motivation 
The current energy demand has depicted that energy requirement to sustain human life 
and activities has risen because of the increasing global population and emerging 
economic development. According to the US Energy Information Administration, it is 
expected that total world energy consumption increases by 48 percent from 2012 to 2040 
[1]. Generating necessary energy to meet this growing demand has been of a major global 
concern. A number of energy sources are in use for global energy production. Fossil fuel 
is the primary energy source today that accounts for over 80 percent of the global energy 
consumption [2], but it is questionable to provide such enormous future demand because 
of its limited availability. Furthermore, the burning of fossil fuel releases greenhouse 
gasses into the earth’s atmosphere which leads to global warming. 
The current world energy system is unsustainable, unreliable, insufficient, not cost 
effective and environmentally unfriendly. To this end, energy production from renewable 
sources such as solar, wind, hydroelectric, tidal, bioenergy and geothermal are much 
desired. The renewable energy sources are free and abundantly available in the 
environment. Solar energy is one of the best alternatives to fossil fuel among other 
alternative energy sources because it has the potential to meet future demands at low cost 
with no detrimental effects to the environment. There are different technologies to harvest 
this solar energy, and typical examples include solar electric (photovoltaic), solar thermal 
and solar fuel technologies. Photovoltaic energy conversion, which converts light energy 
into electricity without any intermediate stage, is a promising technique for solar energy 
utilization. In the last ten years, the photovoltaic market has shown a very significant 




growth of 49% on average in order to reach a cumulative installed capacity of over 135 
GW in 2013 [3]. According to the International Energy Agency, it is expected that 
photovoltaic energy generation would contribute a 16% share in the global energy market 
by 2050 [3]. Currently, about 90% of the photovoltaic solar cell market is dominated by 
crystalline Si-based solar cells while only 10% only is represented by different 
technologies based on thin films of cadmium telluride (CdTe), amorphous silicon (a-
Si:H), microcrystalline silicon (µc-Si:H) and copper indium gallium selenide (CIGS) [4].  
In order to meet the requirements of the global energy demand using photovolta ics, 
further conversation efficiency improvements and reductions in production cost are 
necessary. The advanced nanophotonic light trapping approaches can contribute to both 
objectives simultaneously. Over the last few years, many light trapping strategies have 
been proposed to trap the light in order to enhance the light absorption within the active 
absorber layer, and thereby improving the power conversion efficiencies [5-12]. 
Moreover, enhancing the optical absorption also allows decreasing the active absorber 
layer thickness, which influences the production costs. In addition, the solar cells can be 
easily contaminated in real outdoor environments by dust particles, which interfere with 
incident light reaching the cell absorption layer and thus reducing the conversion 
efficiency. Therefore, the nanophotonic structures with a self-cleaning capability at the 
top surface of the solar cell are necessary to the sustainability and improved performance 
of the solar cells in dusty environments [13-17].          
  




1.2 Light trapping in solar cells 
Optical losses of solar cells may be categorized into reflection from the front surface, 
preventing light from entering the solar cell, and poor absorption due to the transmiss ion 
losses. Reducing optical losses in the solar cells has always been a key challenge in 
improving the power conversion efficiency. Light trapping is needed to maximize the 
optical path length of sunlight in solar cells and reduce reflections in order to enhance the 
overall efficiency. Typically, a thicker active layer can improve the absorption of more 
sunlight whereas the optical thickness of the active layer is enhanced several times its 
physical thickness is kept unchanged by using light trapping structures in a solar cell.  
 In general, light trapping techniques have been utilized in the development of high 
performance and low-cost solar cells by enhancing light absorption without requiring 
thicker active layers. The most widely used light trapping techniques in the industry are 
the upright or inverted pyramid structure [18, 19] or random textures [20] for texturing 
crystalline silicon solar cells, which has a characteristic feature size of typically  3 – 10 
µm [21]. Such large-scale geometries are not suitable for the thin film solar cell where 
the active region itself is only a few microns or even few hundred nanometers thickness. 
In addition, micron scale features require deep etching and are known to introduce defects 
in the material [22].  
Therefore, nanostructures are needed in order to achieve light trapping in thin film 
low cost solar cells.  The use of nanoscale surface structures for improving the light 
absorption of the solar cells is a promising method compared with the traditional micro-
sized surface texturing for crystalline silicon solar cells [23, 24]. This is because of the 
reduced etching depths required to form the nanoscale features and consequently 
decreases the level of damage to the substrates. Furthermore, reflections are reduced over 




a wide range of wavelengths in sub-wavelength nanophotonic structures. It has also 
theoretically been illustrated that nanophotonic structures can achieve the optical path 
length enhancement factors beyond the Yablonovitch conventional limit [25]. There are 
a variety of structures that can be used for nanophotonic light trapping in solar cells. The 
most common methods for light harvesting can be classified as periodic grating structures 
[26-28], photonic crystal structures [29-33], nanowires [34-36], random scattering 
surfaces[37, 38], and plasmonic structures [39-41].  
1.2.1 Periodic light trapping nanostructures 
The introduced a periodic structure into a solar cell surface is capable of contributing to 
both measures of reflection reduction and optical path length enhancement. However, 
depending on the position (front or rear side of the surface), type and dimensions of the 
surface structure, not necessarily both effects can be exploited. Figure 1.1 shows the 
potential optical effects caused by textured surfaces. These exemplary cases of three ratios 
of wavelength λ to structure period Λ are illustrated for periodic features[42].  
Figure 1.1: Schematic illustration of optical effects caused by periodically textured 
surfaces of varying special frequency for a given wavelength.  λ is wavelength and 
Λ is the structure period [42].   




For λ << Λ, a large number of diffraction orders can propagate through the structure. 
The shape of the surface pattern strongly influences the intensity distribution of these 
higher diffraction orders. For a very high ratio of Λ to λ, this effect leads to the geometric 
optical limit of refraction which can be described by Snell’s law. The internal optical path 
length improvement in solar cells can be achieved due to these effects related to a change 
of propagation direction. Second effect is that multiple reflections can occur when treating 
the effects occurring in these large structures geometric optically. This effect additiona lly 
decreases the overall reflection at the front surface.  
For the interaction of the structure sizes and wavelengths of similar dimensions (λ 
≈ Λ), interference effects leading to distinct diffraction orders influence the optical 
behavior. Because of these effects, the behavior of the patterned surface is strongly 
wavelength dependent in terms of transmission and reflection properties. Well defined 
structures can be utilized to achieve both reflection reduction as well as a strong optical 
path length enhancement.  
Periodically textured surfaces with features the size of well below the incoming 
wavelengths can be demonstrated using effective medium theories[43]. This means that 
the structures are not resolved by the light and therefore act as a medium with an effective 
refractive index. As a consequence, very efficient and broadband antireflection effect can 
be obtained. These small features have influence on the amount of reflection and 
transmission but do not induce any light guidance since no change of light propagation 
direction occurs. 
  





One, two or three dimensional (1D, 2D, or 3D) periodic nanostructures or gratings 
are a promising way of achieving light trapping in solar cells and hence enhancing their 
efficiencies. Figure 1.2 illustrates a schematic diagram of photonic nanostructures used 
in several ways to improve the solar cell performance [44]. 
 
Optimized 1D dielectric gratings or Bragg stacks can be utilized as back reflectors 
that double the path length of light in the active volume of a solar cell. Single period or 
bi-periodic dielectric structures can be employed for minimizing the reflection from the 
irradiated surface of a solar cell or for trapping light inside the active volume of the cell 
[45]. Two-dimensional sub-wavelength gratings are even more promising than one-
dimensional grating since the reflectivity does not depend on the polarization of the 
incident light [46]. In tandem solar cells, 3D periodic nanophotonic structures or photonic 
crystals can be employed as vastly efficient omnidirectional reflectors [33]. 
Figure 1.2: Schematic illustration of nanophotonic structures used for enhancing 
solar cell performance: (a) 1D (Bragg) stacks (b) 2D gratings, (c) Photonic crystal, 
and (d) Nanowires [44]. 




A variety of three-dimensional nanophotonic structures, such as nanocones [47-50], 
nanorods [51-53], nanopillars [54-56], nanowells [57-59], nanopyramids [60-63] and 
nanospheres [64, 65], have been extensively studied for enhancing the performance of the 
solar cells. Wang et al.[66] have demonstrated through numerical studies that by 
incorporating periodic nanocones structures on the front for antireflection coatings and 
on back for light trapping, the short circuit current density can be enhanced from 19.7 
mAcm-2 to 34.6 mAcm-2 for a 2 µm thick crystalline Si solar cell. Battaglia et al.[32] have 
experimentally studied that the efficiency of the a-Si:H solar cells can be increased from 
7.9% to 10.9% by depositing the solar cells on glass substrates  patterned with a periodic 
array of nanocavities.  
In another notable work, Mavrokefalos et al.[60] have shown that by incorporating 
inverted nanopyramid light trapping schemes for crystalline Si thin films, less than 10 µm 
thick crystalline Si films can achieve the light absorption comparable to that of planar 
crystalline Si films thicker than 300 µm. Sivasubramaniam et al.[61] have experimenta l ly 
demonstrated that the efficiency of the crystalline Si solar cells can be enhanced by 67% 
with inverted nanopyramid texturing, compared to planar solar cells. Li et al.[62] have 
also studied the effect of the inverted nanopyramid structure on the performance of the 
ultrathin a-Si/c-Si solar cells, where inverted nanopyramid structure is introduced 
between the top and bottom cells. It has been reported that the short circuit current density 
can be improved by 48% and 35% due to the superior light harvesting capability for the 
top and bottom cells, respectively.  
It has been shown that inverted nanopyramid structures could be a more suitable 
candidate for light trapping due to their gradient refractive index tapered profile. In 
addition, among all studied nanostructures, the inverted nanopyramid structures possess 




the advantages of achieving the desired function in relatively low surface area and 
negligible surface damages, which reduces the electronic losses [60, 62, 67].  
1.2.2 Plasmonic light trapping structures 
Nanoplasmonics is the study of the interaction of light with small metal structures with 
dimensions of the order of the wavelength of light [68]. At these length scales the metal 
structures show unique optical properties and can strongly concentrate and confine light 
in regions smaller than the free space wavelength [69]. Nanoplasmonic structures can be 
constructed in three different configuration for light trapping structures as shown in 
Figure 1.3 [70]. 
In the first scheme, metallic nanoparticles can be used as subwavelength scattering 
elements to couple incident sunlight into solar cells. Properly engineered metall ic 
nanoparticles can support localized surface plasmons, which strongly scatter light at 
certain wavelengths. If these particles are on top of the solar cells as shown in Figure 
1.2(a), the scattered light contributes to light trapping by increasing the optical path length 
inside the cell. In the second scheme, discrete metal nanoparticles are employed to 
improve local absorption within the solar cells. This method utilizes highly concentrated 
near field of nanoparticles embedded within the semiconductor so as to enhance the 
absorption in the surrounding regions of the cell (see Figure 1.2(b)). In the third scheme, 
(a) (b) (c) 
Figure 1.3: Schematic of three different nanoplasmonic light-trapping geometries for 
thin-film solar cells. (a) Metal nanoparticles placed on top of a solar cell, (b) metal 
nanoparticles embedded in the semiconductor, and (c) nanostructured metal films 
placed on the back surface of a solar cell [70]. 
 




nanostructured metal films placed on the back surface of a solar cell can couple 
propagating sunlight into surface plasmon polaritons (SPP) modes (see Figure 2.2(c)). 
These modes propagate along the metal and semiconductor interface, confining the light 
along the boundary. It is known that the total absorption within the cell can be increased 
if the absorption in the semiconductor is higher than that of the metal. 
Eminian et al.[71]  have demonstrated that the Ag/ZnO back reflector with random 
arrays of Ag nanoparticles could significantly improve the short circuit current in n-i-p 
hydrogenated amorphous Si (a-Si:H) solar cells compared to the cells without Ag 
nanoparticles due to the strong scattering of Ag nanoparticles. Tan et al.[72] have also 
shown that a back reflector with plasmonic Ag nanoparticles could provide better light 
trapping performance comparable to the state-of-the-art random textures in n-i-p a-Si:H 
solar cells. Ferry et al.[73] designed the periodic nanostructured Ag/ZnO plasmonic back 
reflector by nanoimprint lithography and showed that the nanopatterned n-i-p a-Si:H solar 
cell improves the red response of the cell, predominantly through a 26% enhancement in 
short circuit current density.  
1.3 Nanoimprint lithography for light management schemes in solar cells  
Nanostructures can be fabricated by a variety of methods, including electron beam 
lithography [74], Deep ultra-violet (DUV) lithography [75], laser interference lithography 
(LIL) [76], nanoimprint lithography (NIL) [77], nanosphere lithography (NSL) [78] and 
hole-mask colloidal lithography (HCL)[79]. However, NIL is one of the most promising 
low-cost methods for nanostructure patterning over a large area with high throughput, 
high fidelity, and high resolution manufacturing technology [80]. Table 1.1 summarizes 
the advantages and disadvantages of the most well- known available nanopatterning 
methods.  




Table 1.1 Summary of lithography methods relevant for nanopatterning.  
(++ = very high, + = high, - = low, -- = very low). 
 
 
In general, NIL can be classified into two fundamental types; Hot Embossing 
Lithography (HEL) also known as Thermal Nanoimprint Lithography (TNIL), and UV-
based Nanoimprint Lithography (UV-NIL) [83]. Currently, many different variations of 
lithographic techniques have been developed based on NIL, typical examples include step 
and flash imprint lithography (SFIL) [84], laser assisted NIL [85], microcontact printing 
[86], reverse imprint lithography [87], and step and stamp imprint lithography (SSIL) 
[88].   
In the last decades, several authors [89-98] have demonstrated that NIL could be 
successfully utilized in solar cells to enhance the performance of the solar cells. Paetzold 
et al.[97] have reported on the development and implementation of a nanophotonic front 




LIL EBL HCL 
Resolution ++ + + ++ + 
Flexibility  - -- + + ++ 
Precision ++ ++ - ++ -- 
Throughput ++ - + -- + 
Complexity + ++ - + + 
Cost - - - ++ - 
PV Industrial 
applicability 
++ + - -- + 
 [81] [75] [10] [82] [79] 




nanopatterned perovskite solar cells show a relative enhancement of 5% in short-circuit 
current density compared to the planar cell due to the reduction of parasitic reflection 
losses. Chen et al. have studied that by incorporating nanostructures into ITO layer using 
UV-NIL, the short-circuit current density of the organic solar cells can be increased from 
7.07 mAcm-2 to 10.76 mAcm-2 due to the enhanced effective optical path of absorbed 
light resulting from the light trapping and scattering by the nanostructures.   
Han et al.[99] have shown that transmittance of the glass substrate with imprinted 
moth-eye-like structures on one or both sides can be improved by 2% and 4%, 
respectively compare to the bare glass substrate. It has also been demonstrated that the 
use of the patterned glass substrate as a protective cover glass, the power conversion 
efficiency of the solar cell can be increased up to 2.5 % for normal incidence. Jiao et 
al.[100] have demonstrated that by imprinting of moth-eye-like structures on the front 
side of monocrystalline Si solar cell surface, the power conversion efficiency can be 
enhanced by 19% compared to the reference solar cell by coupling incident light into the 
absorber layer. This approach of surface texturing differs from other approaches such as 
texturing the active material or using metal nanostructures. This approach improves solar 
cell performance without introducing additional surface recombination and also provides 
excellent self-cleaning functionality.  
Figure 1.4: Top view of SEM image of (a) the inverted nanopyramid Si master mold, 
(b) the upright nanopyramid replica stamp (c) the periodic inverted nanopyramid 
imprinted onto the surface of the solar cells. 
 




However, the periodic inverted and upright nanopyramid structures have not been 
demonstrated on solar cells by means of UV nanoimprint lithography. In this work, 
periodic upright and inverted nanopyramid structures as shown in Figure 1.4 were used 
as the light harvesting nanostructures to improve the performance of the solar cells using 
UV-NIL. 
1.4 Objectives and outline of the thesis 
The objective of this thesis is to develop the periodic upright and inverted nanopyramid 
structures as the light harvesting nanostructures to improve the performance of the solar 
cells using a combined LIL and UV nanoimprint lithography (UV-NIL). In addition, a 
superhydrophobic property is explored to add a self-cleaning functionality to the front 
encapsulation layer. This study investigates especially in the following points.   
 Develop the periodic inverted nanopyramid structures on Si master mold by using 
laser interference lithography and subsequent pattern transfer by combined 
reactive ion etching and KOH wet etching. 
 Develop the periodic upright nanopyramid resist-coated glass substrate as an anti-
reflection coating and as a protective cover glass using UV-NIL and evaluate the 
potential of its light trapping and self-cleaning properties for monocrystalline Si 
solar cells and polycrystalline Si solar cells. 
 Develop the periodic inverted nanopyramid structures on the front side of the 
monocrystalline Si solar cells and polycrystalline Si solar cells using UV-NIL to 
reduce the optical losses in solar cells and to also enhance the self-cleaning 
functionalities. 
 Investigate the dependence of surface morphological, optical and electrical 
properties of the ITO thin films at different film thicknesses and sputtering RF 




power and evaluate the optimum properties of ITO thin films for the photovolta ic 
applications. 
 Develop the upright nanopyramid textured transparent electrodes to be applied for 
enhancing light harvesting efficiencies in organic, perovskite and thin film Si solar 
cells. 
 
This thesis is organized as follows. The motivation of the thesis and research 
background are explained in Chapter 1. The objectives and outline of this research work 
are also presented in this Chapter.  
Chapter 2 describes a brief overview of the experimental techniques utilized in the 
fabrication, processing as well as characterizations of structures employed in this work. 
The first section discusses the various deposition and processing techniques that were 
used for the fabrication and replication of nanopyramid structures and the solar cell 
fabrication including the ITO sputter deposition processes. The various characteriza t ion 
tools that were used either for solar cells or textured substrates analysis are described in 
the second section.   
The fabrication process of periodic inverted nanopyramid structures is presented step 
by step in Chapter 3. First, the description of experimental setup details and basic theory 
of laser interference lithography (LIL) are introduced. Then, the sample preparation and 
LIL exposure process are explained, followed by subsequently pattern transfer process 
using reactive ion etching. As the last point of this chapter, formation of inverted 
nanopyramid structures on Si substrate using wet chemical etching is described. 
In Chapter 4, the development of the ultraviolet nanoimprint lithography (UV-NIL) 
and imprint processes for the replication of upright nanopyramid and inverted 




nanopyramid structures are presented. First, the sample preparation processes and the 
tools required for the NIL were developed within this work and described. Then, imprint 
processes for the replication of upright nanopyramid and inverted nanopyramid structures 
and patterns analysis are discussed in detail. 
In Chapter 5, the effect of upright nanopyramid structured cover glass with light 
harvesting and self-cleaning functions on the device performance of monocrystalline Si 
solar cells and commercially made polycrystalline Si solar cells are presented. The upright 
nanopyramid structures were fabricated on the surface of the glass substrate through UV 
nanoimprint lithography using Si master mold with inverted nanopyramid structures. The 
surface wetting behavior and optical properties of the upright nanopyramid structured 
cover glass are presented. The electrical performance of the solar cells with upright 
nanopyramid structured cover glass were compared to bare cover glass and discussed in 
detail.  
In Chapter 6, it is demonstrated that periodic inverted nanopyramid structures can 
enhance the power conversion efficiency of monocrystalline Si solar cell and 
commercially made polycrystalline Si solar cell by minimizing reflections, improving 
light trapping process in addition to its self-cleaning functionality. The fabrication process 
of periodic inverted nanopyramid structures on the front side of the monocrystalline Si 
solar cell and polycrystalline Si solar cell surfaces using a UV nanoimprint lithography 
are discussed. The reflectance, external quantum efficiency, current-voltage 
measurements and wettability of the monocrystalline Si and polycrystalline Si solar cells 
with and without the inverted nanopyramid structures are also investigated.  
The effects of film thickness and sputtering RF power on the surface morphologica l, 
optical and electrical properties of Indium tin oxide (ITO) thin films were studied in 




Chapter 7. The chapter also details the deposition of ITO films onto upright nanopyramid 
structured glass substrates. In addition, optimization of film thickness and sputtering RF 
power to produce high performance ITO (high transparency and low resistivity) suitable 
for solar cells applications are demonstrated. 
Chapter 8 presents the general conclusions of this thesis as well as the suggestions 
for future research in this area. Perspectives for future developments of the light 
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Chapter 2 Fabrication, processing and characterization techniques  
 
In this thesis, a number of fabrication, processing, and characterization technologies were 
employed. This chapter describes a brief overview of the experimental techniques utilized 
in the fabrication, processing as well as characterizations. Section 2.1 discusses the 
various deposition and processing techniques that were used for fabrication and 
replication of nanopyramid structures, the solar cell fabrication, and for ITO deposition. 
The various characterization tools that were used for solar cells and textured substrates 
analysis are described in section 2.2.   
2.1 Fabrication and processing techniques 
The inverted nanopyramid structures with a width of about 450 nm, a height of about 310 
nm and separation of about 125 nm were fabricated on Si substrates using laser 
interference lithography (LIL) and subsequent pattern transfer by combined reactive ion 
etching and KOH wet etching. The LIL was used for defining the periodic nanoscale 
patterns on photoresist over the large area of 15 × 15 mm2, which is discussed in Chapter 
3. Prior to LIL, the multi- layer stack sample was prepared using thermal oxidation, 
thermal evaporation of SiO2, and imaging layer spin coating techniques. The pattern 
transfer process was performed by reactive ion etching (RIE). The nanopyramid 
replication process conducted by UV-NIL and is explained in Chapter 4. For 
monocrystalline Si solar cell fabrication, spin coating of resist or spin on dopant, 
photolithography for metallization, furnaces for diffusion of doping elements and DC 
magnetron sputtering techniques for metal deposition were used.  The ITO thin films were 
deposited by RF magnetron sputtering, and metal contact was deposited by e-beam 
evaporation for electrical contacts and measurements.




2.1.1 Magnetron sputtering   
Sputter deposition method has been widely used technique for the deposition of metals, 
alloys, transparent conductive oxides, and dielectric thin films onto the substrates. This 
technique is a type of physical vapor deposition (PVD) techniques, which includes 
thermal evaporation, pulsed laser deposition, and e-beam evaporation. The sputtering 
process is the ejection of atoms from a solid target material due to the bombardment of 
the target by energetic particles generated in a glow discharge plasma. There are a number 
of ways to improve this process. The most common way to do this is the use of a 
magnetron source surrounding the target area, known as a magnetron sputtering. 
Magnetron sputtering is where the application of a magnetic field in a plasma causes 
traveling electrons to spiral along the direction of the magnetic field near the target instead 
of being attracted toward the substrate.  
  
Figure 2.1: The schematic illustration of a magnetron sputtering system. 




Figure 2.1 illustrates the schematic of the key components of the magnetron 
sputtering system. The basic sputtering process as follows. The inert gas such as Argon 
is introduced into a vacuum chamber at a vacuum pressure of 1 to 10 mTorr. An RF 
voltage is applied between the substrate and target which ionizes the Argon atoms and 
forms a plasma, consisting of Argon positive ions and electrons. The target is bombarded 
with the heavy ionized Argon atoms, ejecting atoms from the target which condenses on 
the relatively cooler substrate forming a layer of thin film on the substrate. The plasma is 
confined near the target surface due to the magnetic field, resulting in faster deposition 
rates at lower pressure and high-quality film.  
In this study, an Edward Auto500 Magnetron Sputtering system as shown in 
Appendix A - Figure A-1, was used for depositing metallic, semiconducting and dielectric 
materials. This system is equipped with radio frequency (RF), direct current (DC) 
magnetron sources and an electron beam evaporation attachment. DC magnetron 
sputtering was mostly utilized for metal deposition and RF magnetron sourcs was 
commonly used for non-metal deposition such as metal oxides, semiconductors, 
ceramics, and dielectric materials.    
In this work, DC magnetron sputtering was mainly used for depositing aluminum 
layer as a metal contact layer for solar cells. On the other hand, RF magnetron sputtering 
was used for depositing the ITO layer as a transparent conductive layer for solar cells 
base contact. 
2.1.2 Thermal evaporation 
Thermal evaporation is one of the most commonly used physical vapor deposition (PVD) 
techniques for thin film deposition. Figure 2.2 illustrates the schematic of the main 
components of the thermal evaporator system. In the thermal evaporation deposition 




technique, the target that contains the deposition material is heated in a vacuum chamber 
until its surface atoms have the necessary energy to leave the surface. The energy is 
generated from a high electrical current passing through a metal plate or a filament. The 
vaporized material is then condensed in the form of a thin film on the substrate mounted 
over the evaporating material on the top side of the chamber. 
  
Refractory metals like molybdenum (Mo), tungsten (W) or tantalum (Ta) are 
generally used in the form of wire, boat or crucible having different shapes and sizes as 
resistance based heating elements. The variables used to control the material evaporation 
are vacuum chamber pressure, source material purity and evaporation DC power. These 
parameters also determine the evaporation rate. In order to achieve a good quality material 
deposition, the pressure in the vacuum chamber is desired to be as low as possible so that 
the point where the mean free path is longer than the distance between the evaporation 
material and the substrate. The mean free path (l) is the average distance traveled by an 
atom or molecule before the collision with another moving particle in a vacuum chamber, 
which can be estimated by the following formula. 
Figure 2.2: The schematic illustration of a thermal evaporator system. 
 








                                                            (2.1) 
Where k is the Boltzmann constant, T is the temperature in Kelvin, d is the particle size, 
and P is the vacuum pressure in kPa.  
In this work, A Balzer 510A thermal evaporator as shown in Appendix A - Figure A-
2 was employed for depositing silicon oxide film as a pattern transfer masking layer. This 
evaporator system allows multisource sequential evaporation, where two different 
materials can be deposited onto the substrate without breaking the vacuum. The thickness 
of the deposited film was monitored by Sigma SQM-160 crystal monitoring system 
positioned near the substrate.   
2.1.3 Electron beam evaporation 
Figure 2.3 shows the schematic illustration of a common electron beam evaporation 
system. Unlike thermal evaporation, in an electron beam deposition technique, the target 
material is placed in the crucible and bombarded by a flux of electron beam generated by 
a heated Tungsten filament under high vacuum. The produced electrons are focused as a 
beam and directed towards the target material in the crucible by several bending magnets. 
This electron beam generates a localized heating on the crucible system, where the target 
material is only heated above its melting point while the crucible is cooled to avoid cross 
contamination problems. The evaporated material is condensed on the substrate directly 
mounted over the substrate. 
In the UC Nanofabrication lab, a 5KeV electron beam evaporator unit is embedded 
within the Edward Auto500 Magnetron Sputtering system. This system consists of a 
multiple source crucible unit, where up to four different materials can be deposited onto 




the substrate without breaking the vacuum. In this work, electron beam evaporation was 
employed for the deposition of Ti and Au as a metal contact for the electrical 
measurements. 
 
2.1.4 Reactive ion etching 
Reactive ion etching (RIE) is a plasma etching process utilizing chemical reaction with 
process gases and physical damage by ion bombardment to remove the material. RIE is 
commonly used to transfer the developed pattern into the substrates as a high selectivity 
and anisotropic etching technology. Unlike the isotropic wet etching process, RIE is a 
unidirectional etching process due to the vertical path of reactive ions and induced biased 
electric field on the substrate.  
Figure 2.3: The schematic illustration of the electron beam evaporation process.  
 




Figure 2.4 shows the schematic view of the parallel plate electrode RIE system. In 
the RIE system, a plasma is generated in the gas mixture by a radio frequency (RF) 
electric field source operating at 13.56MHz that breaks the gas molecules into ionized 
atoms and electrons. In the vacuum chamber, these free electrons are electrica lly 
accelerated up and down by the alternative electric field and hit the chamber walls or the 
electrically insulated wafer platter. When electrons strike the insulated wafer platter, the 
negative charge builds up, resulting in a large negative bias voltage on the wafer platter, 
leaving the plasma positively charged.  The ions in the plasma drift towards the samples 
due to the potential difference between the negatively charged wafer platter and positive ly 
charged ions. These ions react chemically with the surface of the sample and at the same 
time, physically etch due to the high kinetic energy of the ions. A number of parameters 
such as process gas types, background and process pressure, temperature, RF power and 
the gas flow rate can be adjusted to obtain the anisotropic etching profiles.    
Figure 2.4: The schematic view of the parallel plate RIE system. 
 





In this study, Oxford Plasma 80plus RIE System as shown in Appendix A - Figure 
A-5 was employed for dry etch the patterned nanoholes structures into the Si substrate 
for the fabrication of the master mold inverted nanopyramid structures. The optimized 
RIE process parameters for the pattern transfer process which consist of selecting the 
pressure, the mixture of gasses, temperature, RF power, gas flow rate and etching time 
are discussed in details in Chapter 3, section 3.5.  
2.1.5 Photolithography 
Photolithography is the process of transferring geometric patterns from a photomask onto 
the thin layer of photosensitive material called photoresist covering the surface of the 
substrate using a UV light source. The system consists of a photomask, a UV light source, 
and photoresist coated substrate or the layer to be patterned. The main steps involved in 
the photolithographic process are mask making, photoresist application, mask alignment, 
exposure, and development. 
The mask comprises of patterned shapes of Chrome metal on soda lime glass plate 
corresponding to the patterns to be transferred to the resist layer. Chrome on glass masks 
for photolithography was designed utilizing L-Edit computer aided program and made by 
a mask writer with a diode laser of 405 nm wavelength. A µPG 101 Laser Mask Writer 
system as shown in Appendix A - Figure A-3 was employed to make the masks for the 
oxide window opening and top contact patterning of solar cells in this work. 
There are two types of photoresist for transferring the patterns, such as negative and 
positive photoresist. When exposing a photoresist film with the UV light, the exposed 
positive photoresist area becomes more soluble, and exposed negative photoresist area 
becomes less soluble in a resist developer. In this work, the Headway PWM32-PS-R790 




spin coater as shown in in Appendix A - Figure A-7 was employed to coat the AZ1518 
positive photoresist onto the silicon substrates for transferring the designed features onto 
the sample. 
One of the most key steps in the photolithography process is mask alignment and 
exposure methods. There are three different primary exposure methods: contact, 
proximity, and projection printing. The schematic illustration of these methods is shown 
in Figure 2.5. In contact printing, the mask is brought into physical contact with the resist 
coated substrate during the exposure. The high resolution is possible in contact printing, 
but this method generates defects in the mask and causes defects in pattern features. In 
proximity printing, the mask and the resist coated substrate are brought very close to one 
another separated by a small gap during the exposure. The gap in the range of 10 to 50 
µm is maintained between the mask and substrate during the exposure. This gap 
minimizes the mask defects. In projection printing, a projection system is placed between 
the mask and resist coated substrate, which refocuses the diffracted light into the resist 
Figure 2.5: The schematic diagram of optical lithographic exposure methods 
(a) contact printing, (b) proximity printing and (c) projection printing. 
 




coated substrate. This printing technique avoids the mask defects entirely, but the 
resolution of the projection is limited by the diffraction effect.   
A Karl Suss MA-6 mask aligner system as shown in Appendix A - Figure A-4 was 
employed for all the photolithographic exposures. It is capable of performing several 
contact and proximity printing modes, including soft, low vacuum, high vacuum, 
proximity, and hard contact. The Karl Suss MA6 system is equipped with a 350W UV 
lamp source which produces exposure light in the wavelength range of 350 nm - 450 nm. 
This system was mainly used in vacuum contact modes to transfer the pattern onto the 
AZ1518 resist coated substrate for the oxide window opening and top contact patterning 
of solar cell.  
2.1.6 Diffusion and Oxidation techniques 
The schematic diagram of a quartz tube furnace is shown in Figure 2.6. Diffusion, thermal 
oxidation, and annealing process were performed in this system. The system consists of 
three cylindrical fused quartz tubes, resistance heating elements, a temperature controller 
system, and a source cabinet. The NiCr wire resistance heating elements are spaced along 
the furnace tube length to provide three heating zones. Distribution of process gasses is 
maintained at the source cabinet.  
The quartz tube furnace as shown in Appendix A - Figure A-8 was used in this work 
for emitter diffusion, thermal oxidation, and annealing process. This furnace has three 
separate tubes. The emitter diffusion process is performed in various ways. In this work, 
a phosphorous spin-on-dopant coating was applied to the Si wafer surface. The wafers 
were then put in the furnace to diffuse a small amount of phosphorous atoms into the 
silicon surface. The diffusion process parameters are described in Chapter 5, section 5.2.2. 
The silicon can be oxidized into thermal silicon oxide layer under the high temperature  




of about 900°C to 1200°C. Thermal oxidation process includes the wet oxidation and dry 
oxidation. In this work, the thermal oxide layer was grown on the Si substrate for pattern 
transfer process and also defining individual cells. The thermal oxidation process 
parameters are discussed in Chapter 3, section 3.3.2.  
2.2 Characterization techniques 
In this work, all fabricated samples were characterized using a variety of characteriza t ion 
techniques. The scanning electron microscope (SEM) and atomic force microscope 
(AFM) were utilized to investigate the morphology, surface roughness and dimensiona l 
measurement of features of the fabricated nanostructures. A UV-visible spectroscopy was 
used to evaluate the optical properties of the samples. The current-voltage and external 
quantum efficiency (EQE) measurements were performed for evaluating the performance 
of the fabricated solar cells. The Hall Effect measurements were employed for measuring 
the electrical properties of the ITO thin films. Contact angle measurements were 
performed for evaluating the self-cleaning properties and the anti-adhesion properties.   
 
Figure 2.6: The schematic diagram of a resistance heated fused quartz tube furnace. 
 





2.2.1 Scanning electron microscopy 
The scanning electron microscope (SEM) is a type of electron microscope that uses a 
beam of electrons instead of light to examine the object on a very fine scale. The SEM 
has many advantages over the optical microscope. The SEM has a large depth of field, 
which allows the focusing on the large area of the specimen. The SEM also has a much 
high resolution for the imaging of closely spaced specimens. The main components of the 
SEM are illustrated schematically in Figure 2.7.    
  
The SEM works by using a beam of electrons, which is generated in a high vacuum 
by a suitable electron source, typically a tungsten filament or a field emission gun. The 
Figure 2.7: The schematic diagram of a scanning electron microscope. 
 




electron beam is accelerated toward the specimen using a positive electrical potential. 
This accelerated beam is confined and focused into a thin beam of elecrons using a system 
of apertures and electromagnetic lenses, and then the beam scans across the surface of the 
specimen by scanning coils. As a result of the interaction of the electron beam and the 
atoms at the specimen surface, a number of signals are generated. These signals are then 
detected by suitable detectors. The examination of the specimens with the SEM can give 
important information about the sample, including topography, morphology, 
composition, and crystallographic information. 
The secondary electrons emitted from the sample are the main source of information 
for SEM imaging. The secondary electrons can be released just from the surface of the 
sample due to the main electrons bombardment. The released secondary electrons are 
detected by a scintillator that generates flashes of light from the electron. The light signal 
is then detected and amplified by a photomultiplier tube. The resulting signal is converted 
to an image by an amplifier to project the image of the specimen on a monitor.  
In this work, a Raith-150 electron beam lithography (EBL) system as shown in 
Appendix A - Figure A-13 and the JEOL JSM 7000F field emission SEM as shown in 
Appendix A - Figure A-17 were employed for SEM measurements. 
2.2.2 Atomic force microscopy 
The atomic force microscope (AFM) is a type of high resolution scanning probe 
microscopes. It uses the force existing between a sharp probe or tip and the specimen 
surface to build an image of the object. Different models of the AFM provides images of 
the specimens with atomic resolution in almost any environment including an aqueous 
solution. In AFM, images are obtained by feeling with the probe with the help of 
piezoelectric device rather than looking at specimens optically or electronically.  Figure 




2.8 shows the schematic illustration of the AFM detection using the laser beam deflection 
method.  
 
A nanometer sharp AFM tip is attached at the free end of a flexible cantilever that is 
utilized as a transductor of the interaction between the specimen and the tip. The 
movement of the cantilever is monitored by the reflection of a laser beam at the backside 
of the cantilever into a photodiode detector. The scanner is then moved up and down in 
the vertical Z direction to maintain a constant force between the tip and the surface of the 
specimen. For imaging, the tip is scanned horizontally over the specimen. The cantilever 
deflection is measured at each position, from which the topographic map of the surface 
features can be constructed.   
There are three primary imaging modes of operation in AFM: contact mode, non-
contact mode, and tapping mode. In contact mode, the probe is brought into mechanica l 
contact with the specimen surface during scanning. This mode can result in the specimen 
Figure 2.8: The schematic representation of an atomic force microscope detection 
using the laser beam deflection method. 




damage due to the forces generated on the specimen surface by the probe. In non-contact 
mode, the probe of the cantilever does not contact the specimen surface. The cantilever 
is oscillated at near its resonance frequency and above the surface of the specimen such 
that it is no longer in the repulsive regime but in the attractive Van der Waals regime. The 
non-contact AFM imaging is quite difficult in ambient conditions when moisture is 
present on a specimen. Damage to a specimen can be minimized by a method called 
tapping mode AFM. In this mode, the cantilever is oscillated at its resonant frequency, 
and the probe makes intermittent contact with the specimen surface during the scanning. 
The tapping mode AFM allows topographic and internal structural information of the 
specimens to be collected with high resolution.  
In this study, the Digital Instruments (Veeco Instruments Inc.) Dimension 3100 AFM 
system as shown in Appendix A - Figure A-11 was used for the AFM measurements in 
tapping mode. The processing and the analysis of the AFM images were performed with 
NanoScope Analysis software. 
2.2.3 Contact angle measurement 
Contact angle measurements are often utilized to evaluate the surface wetting properties. 
One of the most popular methods for measuring the contact angle is the sessile drop 
method, which involves placing a liquid drop on a solid surface and determining the angle 
between the solid surface and the tangent at the drop boundary. If the drop stops spreading 
sometime after deposition, the equilibrium contact angle can be easily determined through 
contact angle goniometry principles. 
Figure 2.9 shows a sessile drop of probing liquid in contact with the solid surface. 




                                               (2.2) 




 In this equation, θC is the equilibrium contact angle, and γSL, γSV, and γLV are solid-liquid, 
solid-vapor and liquid-vapor interfacial tensions, respectively. If the surface energy of the 
solid surface is high, the liquid will wet the solid surface, resulting in lower contact angle. 
Conversely, if the surface has a low surface energy, it will undergo poor wetting and anti-
adhesiveness of the liquid drop, resulting in larger contact angle. 
 
In this work, the contact angle goniometer with Edmund Scientific Camera as shown 
in Appendix A - Figure A-20 from Department of Chemistry at UC was employed for 
measuring surface wettability. A 1.0 µl drop of deionized water was dispensed on the top 
surface of the substrate, and the image was manually captured by the system. The contact 
angle of the droplet image was calculated by using a low bond axisymmetric drop shape 




Figure 2.9: The schematic illustration of contact angle formed by sessile liquid drop 
on a solid surface. 




2.2.4 Current-voltage characterization 
The electrical performance of a solar cell, which is determined from the current density-
voltage (J-V) measurements of the illuminated cell, is typically measured under air mass 
1.5 (AM1.5) simulated irradiation at a given intensity of 100 mWcm-2 and temperature of 
25 oC. Figure 2.10 shows a typical J-V curve of an illuminated solar cell. From the J-V 
curve, the short-circuit current density (JSC), the open-circuit voltage (VOC), and the fill 
factor (FF) are obtained as illustrated in Figure 2.10.  
 
The open-circuit voltage (VOC) is the maximum voltage available from a solar cell, 
and this occurs with no current flowing through the external circuit. The short-circuit 
current density (JSC) is current density flowing through the solar cell at which no voltage 
is applied across the solar cell. The fill factor (FF) is the ratio of the maximum power that 
can be generated from a solar cell to the product of the short-circuit current density and 
the open circuit voltage and describes the ‘squareness’ of the J-V curve.  
Figure 2.10: Typical current density– voltage (J-V) characteristics of a solar cell 
under illumination. 







                                      (2.3) 
where Vm and Jm are the voltage and current at the maximum power output (Pmax) point, 
respectively. The power conversion efficiency (η), which is defined as the ratio of the 




                                 (2.4) 
where Pinput is the input power of 100 mWcm-2 of the AM1.5 spectrum. 
In this work, the current-voltage measurement setup as shown in Appendix A - Figure 
A-15 was employed to measure the current density–voltage characteristics of the solar 
cells. This experimental setup consisted of a computer controlled Keithley 2400 source 
measure unit and a solar simulator (ABET Sun3000) with AM 1.5G filter. The light 
intensity was set at 100 mWcm-2 with a spectrum and all the measurements were done at 
room temperature. 
2.2.5 External quantum efficiency measurement 
The external quantum efficiency (EQE) of a solar cell is defined as the ratio of the number 
of electrons in the external circuit produced by an incident photon at a given wavelength. 
The value of EQE is routinely measured to evaluate the performance of a solar cell by 
using monochromators. The EQE of a solar cell at a particular wavelength is given by the 
following equation. 






                                               (2.5) 




where Pin(λ) is the total incident power per unit area at an incident wavelength of λ. The 
intensity of the monochromatic light, Pin(λ), is normally monitored by a the calibrated 





                                                (2.6) 
where 𝐽𝑆𝐶
𝑆𝑖 (𝜆)𝑎𝑛𝑑 𝑆𝑅𝑆𝑖(𝜆) are the short-circuit current density of the silicon diode and its 
spectral response. The EQE of a solar cell is also given by the following equation. 




                                      (2.7) 
where EQESi (λ) is the EQE of the calibrated silicon photodiode. 
In this work, a homebuilt typical EQE setup as shown in Appendix A - Figure A-19 
at the Victoria University of Wellington was used to determine the EQE values of the 
solar cells. This EQE setup consisted of tungsten –halogen lamp in combination with a 
monochromator (CS130 1/8m). The photocurrent density of the solar cell, 𝐽𝑠𝑐(𝜆), and the 
photocurrent density of calibrated silicon photodiode density, 𝐽𝑠𝑐
𝑆𝑖(𝜆), were measured at a 
particular position and room temperature in the wavelength range of 400 nm - 900 nm. 
The EQE values were calculated by using equation (2.7) with the known spectral response 
of the photodiode and measured photocurrent density of the photodiode and the solar cell 
as a function of wavelength. All the EQE measurements presented in this study were 
carried out at zero bias voltage.    
  




2.2.6 Reflectance-Transmittance measurements 
The spectrophotometer has been extensively used for the evaluation of optical properties 
of thin films and textured substrates. This technique allows the measurement of 
reflectance and transmittance of a specimen as a function of incident light wavelength. In 
a typical spectrophotometer, a source of light hits on diffraction gratings, which are able 
to select a specific wavelength of light. The selected beam of light passes through the 
series of mirrors and is directed towards the specimen. The light transmitted or reflected 
by the specimen is then captured by the detector. Data from the detector is compared 
wavelength by wavelength to reference spectra. The measured spectra are thus obtained 
in percentage.  
In this work, the Cary Spectrophotometer 619 as shown in Appendix A - Figure A-
18 at Department of Physics, UC was mainly used to evaluate the optical properties of 
the ITO thin films. More details of the optical properties of the ITO films obtained from 
the transmittance measurements are described in Chapter 7, section 7.3.3. One major 
limitation of the Cary Spectrophotometer 619 used in this work is its inability to measure 
the diffused components of reflected and transmitted light.  
However, an in-house built spectrophotometer setup equipped with an integrat ing 
sphere at Callaghan Innovation was employed for measuring the total and diffused 
components of transmitted and reflected light in this work. Its main component is the 
integrating sphere which makes it possible to measure the total and diffused components 
of reflected and transmitted light. The diffused components of reflected and transmitted 
lights are especially significant for light trapping textured substrates.  
 





Figure 2.11 illustrates the sketch of the total integrating sphere configuration and 
position of the sample for the reflection and transmittance measurements. The integrat ing 
sphere has a diameter of 80 mm with the internal surfaces coated with a highly reflective 
material. For the transmittance measurements, the monochromatic light beam enters 
through the specimen, which is perpendicular to the optical axis. The total transmittance 
can be measured due to the multiple internal reflections. In order to measure the diffused 
transmittance, the cap is removed at the reflectance port and the specularly transmitted 
light can leave the sphere through the hole. The haze of transmitted light can be calculated 
with these measurements. For the total reflectance measurements, the light beam enters 
the integrating sphere through a port and hits the specimen at the reflection port with an 
angle of 6° incidence so that specularly reflected light is away from the entrance port.  
The total and diffuse transmittance of upright nanopyramid patterned glass and the 
total reflectance of the monocrystalline and polycrystalline Si solar cells with and without 
the inverted nanopyramid structures were obtained over the wavelength range of 300–
1200 nm in this study.
Figure 2.11: schematic diagram of total integrating sphere configuration and 
position of the sample for (a) the transmittance and (b) reflection measurements. 




Chapter 3 Fabrication of inverted nanopyramid structures  
 
3.1 Introduction 
Nanostructure applications have attracted increasing interest in many fields ranging from 
nanoscale electronics to bionanotechnologies in last few decades [101-103]. 
Nanostructures can be fabricated by various techniques including electron beam 
lithography [46], focused ion beam lithography (FIB) [104], laser interference 
lithography (LIL) [26, 105],  nanoimprint lithography (NIL) [106, 107], nanosphere 
lithography (NSL) [108] and block copolymer lithography (BCPL) [109].The electron 
beam lithography and focused ion beam lithography are commonly used in forming 
nanometer scale patterns. However, these technologies have a slow fabrication speed, and 
a high cost of equipment, which limits their applications in large-area structure fabrication 
[110]. In contrast, LIL is a maskless, high-throughput, and low cost for the fabrication of 
large area surface patterns in a short period time with tunable periodic structures [111-
113].    
LIL is a simple method used to produce periodic and quasi-periodic structures with 
nanoscale features over the large area. The principle is based on the interference between 
two coherent laser beams that form a standing wave for the grating pattern which can be 
recorded on a photosensitive layer. This technique allows to create periodic arrays of line, 
dots, and holes as well as other asymmetric 2D periodic structures with different feature 
sizes, pattern shapes and periods. The nanopatterning structures by LIL have been 
demonstrated for numerous applications areas, including nanofluidics for biologica l 
separations[114], nanomagnetics for high density data storage[115], templates for 
nanoimprint lithography[116] and self-assembly[117], optical applications such as solar




cells[10, 61, 73], sensors[118] and microlens arrays[119] for enhanced optical 
interactions. 
In this research work, the inverted nanopyramid structures were fabricated on Si 
substrate by LIL and subsequent pattern transfer by combined reactive ion etching and 
KOH wet etching. The fabricated inverted nanopyramid structures on Si Substrate were 
used as a master mold in the replication process of ultraviolet nanoimprint lithography 
(UV-NIL). The replication process of inverted nanopyramid structures will be discussed 
in Chapter 4. 
In this chapter, the fabrication process of periodic inverted nanopyramid structures is 
discussed step by step. First, the description of experimental setup details and basic theory 
of LIL are introduced in section 3.2; the design and preparation of the multilayer stack 
substrates for LIL are explained in section 3.3; the aspects of the single and double LIL 
exposure process are discussed in section 3.4; followed by hole patterns transfer from the 
soft resist into thermal SiO2 hard mask layer using reactive ion etching and formation of 
inverted nanopyramid structures on Si substrate using wet chemical etching are discussed 
in section 3.5; finally the chapter summary is concluded in section 3.6. 
 
  




3.2 Lloyd’s Mirror Interference Lithography  
There are various types of interference lithography methods such as Mach-Zehnder 
Interferometer [120], Scanning Beam Interference Lithography [121] and Lloyd’s Mirror 
Interference Lithography[122], used for different applications. In this work, Lloyd’s 
mirror interference lithography was used to obtain the periodic patterns on photoresist 
over the large area. The major advantage of this method is that the period of the pattern 
can be controlled more easily by rotating the stage comparing with other two beam 
interference methods.  
 
  
Figure 3.1: The schematic diagram of optical setup of Lloyd’s mirror 








A schematic diagram of Lloyd’s mirror interferometer optical setup is shown in 
Figure 3.1(a). In this work, a 50 mW HeCd laser with a coherence length 30cm at 325 nm 
was used as a light source. A commercial spatial filter consists of a UV objective lens 
with a focal length of 5.77 mm and a 5µm diameter pinhole, which removes the high 
frequency noise from the beam to achieve a clean Gaussian profile. The Lloyd’s mirror 
consists of a sample holder and an aluminum mirror, both placed perpendicular to each 
other to the rotation stage, as shown in Figure 3.1(b). A UV-enhanced aluminum coated 
mirror was used due to its enhanced reflectance in the UV region over a broad range of 
angles compared to other mirrors. The complete optical setup was built on the actively 
damped table in order to prevent vibrations, which could affect the interference pattern. 
The center of the substrate and mirror assembly was located on the optical axis. 
The laser beam is expanded and spatially filtered through a pinhole to create a 
coherent beam at Lloyd’s mirror interferometer. A coherent beam illuminates both the 
mirror and the substrate. There are two parts of the expanded light, which strike on the 
substrate. The part of the expanded light which is directly illuminating the substrate and 
interferes with the part of the expanded light that is reflected from the mirror surface. This 
interference gives a line pattern with a periodicity given by Equation 3.1. The two 
dimensional arrays such as dots, holes and variations on them can be recorded by double 
exposure with a sample rotated by 90° after the first exposure. The period of the pattern 
depends on the wavelength of the light source and the incident angle between the two 
beams. The horizontal standing wave interference periodicity, p, of the fringe pattern of 




                                (3.1) 




Where 𝜆 is the wavelength of the laser, and 𝜃 is the half angle between the incidence 
beams. The period of the pattern can easily be controlled by changing the angle 𝜃 which 
is equivalent to the rotation stage. The greatest advantage of Lloyd’s mirror is the ease of 
period control. However, the UV-enhanced aluminum coated mirror’s quality (related to 
flatness and perfections) is a key factor that influences the quality of patterns. 
The main reason for any undesired pattern is the possible presence of second vertical 
standing wave interference. In addition to the primary standing wave formed parallel to 
the sample, there is a second standing wave in the vertical direction that can form 
perpendicular to the sample, caused by surface reflection as shown in Figure 3.2. This 




The period of the vertical standing wave is determined by the factors mentioned in 
equation 3.1 and the refractive index (n) of the photoresist layer. It is given by the 




                                (3.2) 
Figure 3.2: Primary and second standing wave formed parallel and perpendicular to the 
substrate by respective components. 




One way to reduce the effect of the vertical standing wave is to decrease the reflectivity 
at the interface. In order to prevent these reflections, an extra layer can be added 
underneath the photoresist layer. This layer should absorb the light and also reflect the 
light with out of phase from the surface. In general, an anti-reflection coating (ARC) is 
used to suppress the reflections at the interface. Thus, both the refractive index and the 
thickness of an ARC play a vital role to suppress the vertical standing wave. An interlayer 
between the photoresist and the ARC is also sometimes utilized to simplify the pattern 
transfer (will be discussed in section 3.3.4).  
3.3 Sample preparation 
 
In this work, silicon wafers were mainly used as substrates for the LIL exposures.  A 
silicon oxide layer on the silicon was thermally grown, whereas the silicon oxide layer on 
the interface between the ARC and photoresist layers was deposited by evaporation 
Figure 3.3: Schematic diagram of multilayer stack preparation process for LIL exposures. 
Note that illustrations are not to scale.  




method for further pattern transfers. The overall process steps involved in the typical 
sample stack preparation are shown in Figure 3.3 for LIL process. 
3.3.1 Substrate selection and cleaning   
Single-side polished, Czochralski (CZ) grown, 350µm thick, Boron doped p-type silicon 
wafer with <100> crystal orientation and resistivity of 0.5-1.0 Ωcm was used as 
substrates. The wafer was immersed in a hot mixture of sulfuric acid (H2SO4) and 
hydrogen peroxide (H2O2) (3:1 ratio by volume) for 10 minutes and rinsed with deionized 
water. This cleaning procedure was used to remove the metals and organic contamination.  
Then the naturally formed silicon oxide layer on the wafer was removed by immers ing 
the wafer in diluted Hydrofluoric (HF) acid with DI water (1:10) for 10 seconds. After 
that, the wafer was rinsed by DI water and finally blown with Nitrogen gas.  
3.3.2 Thermal silicon oxide layer formation 
In order to make the inverted nanopyramid structures on Si, Silicon oxide layer was used 
as a pattern transfer layer and a hard mask during the RIE etching and KOH wet etching 
without delamination, respectively. 100nm thick thermal oxide layer was grown on the 
cleaned Si wafer using quartz tube furnace. The process parameters are listed in Table 
3.1. Oxygen gas was bubbled through the water at 95 oC into the oxidation tube to perform 
the oxidation in a wet oxygen environment. The chemical reaction of the wet oxidation is 
given by 
Si (solid) +  2H2O (vapor) → SiO2  (solid) + 2𝐻2                                        (3.3) 










3.3.3 Anti-reflection coating (ARC) 
The optical reflections at the interfaces due to the high reflective substrate could disturb 
the lithographic pattern results in the LIL process. ARC was employed to reduce the 
negative effects of the undesirable reflections on the interfaces, more details already 
discussed in section 3.2. In this work, AZ BARLi II from MicroChemicals GmbH was 
used as an ARC resist for the interference lithographic exposures. It is designed to 
perform with positive photoresist without intermixing. 
200nm ARC (AZ BARLi II) was deposited onto the thermal oxide Si substrate by 
spin coating at 2250 rpm for 60sec. Spin-coating is a very widely used method for resist 
spinning. The sample was then soft baked on a hot plate at 200oC for 60sec. 
3.3.4 Evaporated silicon oxide mask layer formation 
The sample preparation will vary depending on which pattern transfer method will be 
performed for fabrication of final hard mold. A bi-layer stack consists of ARC at the 
bottom layer and photoresist at the top layer is enough for nickel electroplating method, 
but a tri-layer stack has a thin SiO2 interlayer between ARC and photoresist. It is required 
to make subsequent reactive ion etching much easier for silicon mold fabrication. It solves 
selectivity problem between photoresist and ARC during O2 plasma etch for etching the 
ARC layer.  
Parameters Conditions 
Temperature 1000 oC 
Oxidant species Wet O2 
Film thickness 100 nm 
Oxidation time 12 minutes 




50nm SiO2 deposition was performed onto the ARC layer using vacuum thermal 
evaporation (Balzers BA510A). The base pressure of the chamber was in the range of 
about 3 × 10−6 mbar and the source material was heated by supplying a high current 
through the molybdenum aluminium oxide boat of the crucible.  
3.3.5 Photoresist spinning   
In this work, commercially available i-line positive photoresist (AZMiR 701) was used 
to record the periodic fringe pattern during LIL process. The undiluted AZMiR 701 resist 
thickness in the normal spin coating produce thicker layers than the 200-400 nm thickenss 
required. Hence it was diluted in a ratio 1:3 with PGMEA (1-methoxy-2-propyl-aceta te) 
to achieve lower resist thickness.  
In order to improve the adhesion between the photoresist and SiO2 layer, an 
adhesion promoter, Hexamethyldisilazane (HMDS, [(CH3)3Si]2NH) was applied to form 
a monomolecular layer on the substrate surface. After the deposition of evaporated SiO2 
layer, Hexamethyldisilazane (HMDS) was spun onto substrate and 400nm diluted 
positive resist was immediately spin coated using a spinning speed of 3000 rpm for 60 
sec and soft baked on a hot plate at 90 oC for 60 sec to remove any adsorbed moisture. 
After that, the prepared Si wafer was cut into 2 cm2 samples.  
3.4 Pattern definition using LIL and development  
Once the sample stack preparation was complete, Lloyd’s mirror setup was performed to 
pattern the photoresist. The basic process step to record the interference patterns was as 
follows: The prepared Si sample was fixed on the substrate holder rotation stage as shown 
in Figure 3.1. The rotation stage angle was set as calculated from Equation 3.1 for the 
targeted pattern period. The sample was exposed for the required amount of time using a 




50 mW HeCd laser beam operating at 325nm. A time controlled shutter was placed 
between the spatial filter and rotation stage to control the exposure time during each 
exposure. The grating pattern was recorded on photoresist with the single exposure. 
Holes, dots and variations of patterns were recorded by a double exposure with a sample 
rotated by 90° after the first exposure.  
After the exposure, the exposed sample was immersed and carefully agitated in 
diluted Microchemicals AZ MIF 326 developer solution for 30 seconds. At this stage, 
the exposed part of the photoresist was dissolved, leaving the required pattern on the 
photoresist. The sample was rinsed immediately with deionized water (DI) and finally 
blown with Nitrogen gas. The developed samples were examined by scanning electron 
microscope (SEM). More details will be presented in the following section 3.4.1 and 
3.4.2.  
3.4.1 Single exposure pattern 
For positive photoresist in LIL, in a single exposure and development step, the periodic 
line grating pattern will be produced. In order to evaluate the exposure results, an 
important parameter of the LIL technique the so-called “duty-cycle” (DC) is introduced 
in this section. The DC is defined as the ratio of the line width (Wline) of the periodic 
structure generated by LIL to the period (Pgrating) and described by Equation 3.4. As 
described in Equation 3.1, the periodicity of the pattern depends on the wavelength of the 
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In this case, the wavelength of the laser (325 nm) is a constant value. For a fixed period, 
the line width value could be controlled by changing the DC value, which depends on the 
exposed dose. The exposure dose (D) was calculated by multiplying the intensity of the 
incident laser light (I0)by the time of exposure (t), yielding a value in energy per unit area 
[125]. It can be seen that the intensity of the laser and exposure time are the most 
significant parameters which can impact the exposure results. The intensity of the incident 
laser light at a fixed incident angle could be considered as a constant value. Thus, there 
is a linear relationship between the exposure dose and time. The DC value can be 
controlled by varying the exposure time at a fixed incident angle. 
Figure 3.4: SEM images of 900 nm period line grating pattern on photoresist with different 
line width and exposure time (a) 520nm and 120 sec, (b) 310nm and 240 sec and (c) 250nm 
and 360 sec. 




Figure 3.4 shows the SEM images of the 900 nm period line grating pattern with 
different exposure time of 120 sec, 240 sec and 360 sec. In this case, the intensity of 
exposure (0.15mW) and rotating angle of the sample holder (𝜃 = 10𝑜24′) remained 
constant. As shown in Figure 3.4, the pattern line width/DC value decreased by increasing 
the exposure times at a fixed incident angle and intensity. Therefore, it can be concluded 
that the exposure time is the most important parameter which can influence the exposure 
results at a fixed incident angle.  
For LIL exposures for different periods, one cannot simply assume a constant 
exposure time, even under identical exposure conditions. As shown in Figure 3.5, the 
light power density on the sample surface in the case of oblique incidence is lower than 
that of normal incidence due to increasing the exposed area by the laser at oblique 
incidence angles. As described in Equation 3.1, the incident angle for a smaller period is 
larger than that for a larger period. It can be deduced that longer exposure times are 
required for smaller structure period. 
Figure 3.5: Schematic illustration of exposed area at normal incidence and oblique 
incidence for fixed laser intensity. The substrate area illuminated by laser is larger at 
oblique incident angles. 




Systematic experiments were performed in this work in order to investigate the 
relationship between the angle of incidence and exposure time. Figure 3.6 shows the 
resulting SEM images of line grating pattern having 900 nm, 700 nm and 300 nm period 
with the exposure time of 120 sec, 150 sec and 270 sec, respectively. In order to achieve 
the period of 900 nm, 700 nm and 300 nm, the angles of incidence were adjusted to 
10°24’, 13°25’ and 32°47’, respectively. The exposure time has to increase from 120 sec 
to 270 sec by using a higher angle of incidence. Thus, larger incident angle (smaller 
period) requires longer exposure times.  
Figure 3.6: SEM images of line grating pattern on photoresist with different period and 
exposure time (a) 900 nm and 120 sec, (b) 700 nm and 150 sec and (c) 300 nm and 270 sec. 




3.4.2 Double exposure pattern 
For positive photoresist LIL system, after the double exposure and development, periodic 
holes or dots will be obtained. Figure 3.7 shows the developed pattern of resist holes and 
dots with a period of 700 nm square array. The patterns were formed by double exposure 
IL with the sample rotated by 90° between the two exposures. Exposure times of 70 sec 
to 120 sec with a 10 sec increment for each experiment were used. In order to achieve the 
period of 700 nm, the angle of incidence was adjusted to 13°25’. As explained in the 
previous section, exposure dose depends mainly on the exposure time for a constant laser 
intensity at fixed incident angle.  
Even at the lowest exposure dose, a pattern of holes was formed as shown in Figure 
3.7(a), although there was a little variation in the size of holes. With exposure dose 
increasing, the size of the holes increased and become more uniform as shown in Figures  
3.7(b) and (c), then holes disappeared but some dots still linked together as shown in 
Figure 3.7(d). Increasing the exposure dose further, results in discrete dot array as shown 
in Figure 3.7(f). It can be clearly seen that exposure time is the most important parameter 
which can significantly influence the size and type of pattern structures. In order to 
fabricate the inverted nanopyramid on Si substrate, a pattern of resist holes was used in 
this work. More details about the pattern transfer and formation of inverted nanopyramid 
will be discussed in the next section.     





Figure 3.7: SEM images of holes and dots pattern on photoresist produced by double 
exposure IL with a period of 700 nm and exposure times of  (a) 70 sec, (b) 80 sec, (c) 90 
sec, (d) 100 sec, (f) 110 sec, and (d) 120 sec for each exposure. The samples were rotated 








3.5 Pattern transfer and formation of inverted pyramid 
The periodic inverted nanopyramid structures were fabricated on Si substrate by laser 
interference lithography and subsequent pattern transfer by combined reactive ion etching 
and KOH wet etching. The schematic illustration of the fabrication process of inverted 
nanopyramid structure on Si substrate is shown in Figure 3.8. After the LIL patterning of 
photoresist, the resist pattern of holes was transferred onto the thermal oxide layer through 
a subsequent Reactive Ion Etching (RIE) steps. Then, the inverted pyramid structures 
were formed by KOH wet etching. Finally, the thermal oxide layer was removed by 
buffered Hydrofluoric etching. More details of the fabrication process will be discussed 
in the next section.  
Figure 3.8: Schematic illustration of the fabrication process of inverted nanopyramid 
structures on a Si substrate. 




3.5.1 Dry plasma etching 
In this work, an Oxford PlasmaLab80 reactive ion etching system was utilized for all the 
dry plasma etching steps. The RIE etching process parameters such as flow rate of the 
processing gases, pressure, substrate temperature, RF power and etching time were 
carefully optimized for the pattern transfer.  
3.5.1.1 Pattern transfer into silicon oxide layer 
The resist pattern produced by LIL served as the etching mask for the RIE pattern transfer 
step into the thermally evaporated silicon oxide layer. Usually, the photoresist layer is 
etched faster than the ARC layer. Therefore the resist pattern of holes generated by LIL 
cannot be directly transferred into the substrate. In order to obtain a high etching 
selectivity between the ARC and the photoresist, thin SiO2 was deposited between the 
two layers. Before the SiO2 etching process, a short O2 plasma etch was performed to 
remove any residual photoresist at the bottom of the holes.  The CHF3/Ar plasma etching 
was performed to transfer the pattern of holes into thin SiO2 interlayer. The RIE process 
parameters for O2 plasma for descumming the residual resist and transferring the pattern 




residual resist layer 
Pattern transfer 
into SiO2 layer 
Gas O2 CHF3/Ar 
Flow rate 10 sccm 25/30 sccm 
RF Power 100 W 150 W 
Pressure 100 mTorr 100 mTorr 
Temperature 295 K 300 K 
Time 10 sec 1 min 30 sec 
Masking material - Photoresist 
Table 3.2: RIE recipes for removal of residual resist layer and transferring the pattern 
into SiO2 layer.  
 




The SEM image of the developed resist pattern of holes with a period of 650 nm 
square array is shown in Figure 3.9(a). In order to achieve the period of 650 nm, the angle 
of incidence was adjusted to 14°28’. Figure 3.9(b) shows a SEM image of the pattern of 
holes transferred into a SiO2 masking layer. It can be seen that the pattern uniformity 
remains very high.       
Figure 3.9: SEM images showing (a) The developed patterns on resist with a period of 650 
nm and (b) patterns transferred into SiO2 masking layer after CHF3/Ar plasma etching. 
(a) 
(b) 




3.5.1.2 Pattern transfer into ARC layer 
The patterned SiO2 interlayer acted as a mask layer to transfer the pattern of holes into 
the ARC layer. The O2 plasma etching was performed to transfer the pattern into ARC 
layer. Table 3.3 outlines the optimized RIE parameters of O2 plasma etching for 
transferring the patterns into ARC layer. Figure 3.10 shows the SEM image of patterned 





Transferring the pattern 
into ARC layer 
Gas O2 
Flow rate 10 sccm 
RF Power 100 W 
Pressure 100 mTorr 
Temperature 300 K 
Time 13 min 30 sec 
Masking material SiO2 layer 
Table 3.3: The optimized O2 plasma RIE parameters for pattern transfer into ARC 
layer.  
 
Figure 3.10: SEM images of patterns transferred into ARC layer after O2 plasma etching. 




3.5.1.3 Pattern transfer into thermal oxide layer 
The patterned ARC layer served as a mask layer to transfer the pattern of holes into a 
thermal SiO2 bottom layer. The CHF3/Ar plasma etching was performed to transfer the 
pattern into ARC layer. Table 3.4 shows the optimized RIE parameters for CHF3/Ar 
plasma etching for transferring the patterns into a SiO2 bottom layer. Figure 3.11 shows 
the SEM image of patterned SiO2 bottom layer after the CHF3/Ar plasma etching. It can 
be observed that the RIE etching process induced a slight enlargement of holes diameter 
while the uniformity was improved. 
  
RIE Parameters 
Transferring the pattern 
into SiO2 bottom layer 
Gas CHF3/Ar 
Flow rate 25/30 sccm 
RF Power 150 W 
Pressure 100 mTorr 
Temperature 300 K 
Time 3 min 30 sec 
Masking material ARC layer 
Table 3.4: The optimized CHF3/Ar plasma RIE parameters for pattern transfer into 
thermal SiO2 bottom layer.  
 
Figure 3.11: SEM images of patterns transferred into SiO2 layer after CHF3/Ar plasma 
etching. 




3.5.2 Wet chemical anisotropic etching 
After the RIE process, the next process step was anisotropic wet chemical etching in order 
to form inverted pyramid structures into the silicon substrate. The anisotropic chemical 
etching characteristic of single crystal silicon substrate varies according to the 
crystallographic orientation of the substrate bulk material. Anisotropic etchants such as 
potassium hydroxide (KOH), Sodium hydroxide (NaOH), Cesium hydroxide (CsOH), 
Ammonium hydroxide (NH4OH), tetramethylammonium hydroxide (TMAH) and 
hydrazine etch certain crystallographic planes at different etch rates. The etch rate of the 
(111) plane is significantly low compared to the (100) plane etch rate mainly due to a 
number of dangling bonds in each unit cell [126]. The (111) plane has the lowest dangling 
bond; more back bonds must be broken and therefore the etch rate is low. The etch rates 
for anisotropic wet chemical etchants is mainly dependent on the concentration of the 
solution and temperature. As schematically illustrated in Figure 3.12, the inverted 
nanopyramid structure could be produced with <100> crystalline orientation of silicon 
substrate using anisotropic wet etching. Anisotropic etchants make an angle of 54.7° for 




Figure 3.12: An anisotropic wet etch on a (100) silicon substrate creates inverted 
nanopyramid structure. 




The chemical etchant for anisotropic wet etching used in this work is typically a 30 
wt. % KOH diluted in deionized water. SiO2 was chosen as a hard mask layer mainly due 
to the high etch selectivity of KOH solution between Si and SiO2. The inverted pyramid 
structure on a (100) Si substrate was fabricated by wet etching in 30% KOH solution at 
80°C for 170 sec. The KOH solution was kept in a temperature controlled bath at 80°C. 
Figure 3.13 shows the SEM image of the resulting inverted nanopyramid structure having 
a width of about 600 nm, and separation of about 100 nm, obtained from the same sample 





Figure 3.13: SEM images of inverted nanopyramid structures on Si substrate with 
SiO2 masking layer after KOH wet etching. (a)Low- magnification image and (b) 
high-magnification image. 




3.5.3 Removal of silicon oxide mask layer 
There were at least two techniques available for the removable of the SiO2 mask layer, 
dry etching using CHF3/Ar plasma, or wet etching using HF solution. In this work, the 
wet etching process was used to avoid any surface damage or increased surface 
roughness. To remove the SiO2 mask layer from the patterned samples, the sample was 
immersed in buffered HF (6:1 volume ratio of NH4F solution to 49% HF) for 3 min, 












The SEM image of the formed periodic inverted nanopyramid structures on Si 
substrate after removal of the SiO2 masking layer is shown in Figure 3.14. It can be clearly 
seen that all the inverted pyramid structures were completely formed and centered without 
showing any overlapping between neighbors. It can also be observed that the size of the 
inverted pyramid increased slightly compared with a diameter of the nanoholes as in the 
Figure 3.13(a) due to undercutting during KOH wet etching. The cross-sectional view of 
the SEM image shown in Figure 3.15 clearly illustrates that the inverted pyramid 
structures were completely formed and the angle between the (100) and (111) was fixed 
Figure 3.14: SEM images of inverted nanopyramid structures on Si substrate after 
removal of SiO2 masking layer.  




at 54.7° as described in the previous section. The fabricated inverted nanopyramid 
structures on Si Substrate were used as a master mold in the replication process for UV-
NIL. The replication process of the inverted nanopyramid structures will be introduced in 











In this chapter, the fabrication of inverted nanopyramid structures was presented. 
Maskless LIL was employed as a high-throughput, high resolution and low cost technique 
for the fabrication of large scale periodic nanostructures. The inverted nanopyramid 
structures were fabricated on 10×10 mm Si substrates by LIL and subsequent pattern 
transfer by combined reactive ion etching and KOH wet etching. The pattern of nanoholes 
was recorded on AZMiR 701 i-line positive photoresist using LIL by double exposure. 
The CHF3/Ar plasma etching was performed to transfer the nanoholes pattern into thin 
SiO2 interlayer. Then, the O2 plasma etching was performed to transfer the pattern into 
Figure 3.15: Cross sectional view SEM image of inverted nanopyramid structures on 
Si substrate.  




ARC layer with thin SiO2 as mask. The pattern was transferred into the thermal oxide 
layer using CHF3/Ar plasma etching. The inverted pyramid structures were completely 
formed on Si substrate by KOH wet etching and the SiO2 mask layer was removed by 
buffered HF etching. The multilayer stack was developed to enhance the pattern quality 
by suppressing substrate reflection and to transfer the recorded pattern into bottom layer. 
In the following Chapter, the replication process of the fabricated inverted nanopyramid 
structures will be presented.








Nanoimprint lithography (NIL) is an emerging method of fabricating micro/nanometer 
scale patterns with a high throughput, low cost, and high resolution manufactur ing 
technology [127, 128]. Unlike traditional optical lithographic methods, which create 
pattern definition through the use of photons or electrons to modify the physical and 
chemical properties of the imaging resist layer, NIL depends on direct mechanica l 
deformation of the resist materials and can therefore achieve resolutions beyond the 
limitations set by beam scattering or light diffraction that are encountered in conventiona l 
lithographic techniques [80].The resolution of the NIL is mainly determined by the resist 
molecule size and the minimum feature size of the template that can be fabricated. 
Compare with optical lithography, the key benefit of NIL is its capability to produce 
feature size down to sub-10 nm over a large area with low cost and high throughput [129]. 
In addition, nano-sized patterns can easily be formed on different substrates such as 
silicon wafers, flexible polymer films, glass substrates, and even non-planar surfaces. 
Nanoimprint lithography was first proposed and demonstrated by Stephen Chou et 
al. in 1995 as a low cost and high throughput alternative to e-beam lithography and 
photolithography [130]. In general, NIL can be classified into two fundamental types; Hot 
Embossing Lithography (HEL) also known as Thermal Nanoimprint Lithography 
(TNIL), and UV-based Nanoimprint Lithography (UV-NIL). Currently, many different 
variations of lithographic techniques have been developed based on NIL, typical 
examples include roll to roll imprint lithography [131], step and flash imprint lithography




(SFIL) [84], laser assisted NIL [85], microcontact printing [86], reverse imprint 
lithography [87], and step and stamp imprint lithography (SSIL) [132].  
 
Figure 4.1 shows the process steps for thermal nanoimprint lithography and 
ultraviolet-assisted NIL [83]. NIL is based on the mechanical deformation of the resist 
using a mold (template and stamp) consisting of micro/nanopattern in a thermo -  
mechanical process or UV curing process. In a standard TNIL, a thermoplastic polymer 
layer is spun coated onto a substrate. The mold containing predefined micro/nanopattern 
is brought into contact with a thin polymer film on a substrate, and they are pressed 
together under certain pressure (From 600 to 1900 psi for PMMA). When heated up above 
the glass transition temperature of the polymer (105°C for PMMA), the feature pattern 
on the mold is imprinted into the melt polymer film. The thin polymer film is solidified 
by cooling it below the glass transition temperature of the polymer film before the mold 
is released. Alternatively, UV-NIL technique is based on the use of UV curable liquid 
photoresist instead of a thermoplastic polymer as a resist, which can easily be deformed 
at room temperature. After the mold and UV curable resist coated substrate are pressed 
Figure 4.1:  Two fundamental process types for NIL [83]. 




together, the resist is cured by UV light exposure and becomes solid. After the mold is 
released, the pattern in the thin polymer film can be further transferred into the underneath 
substrate by a subsequent pattern transfer process, for instance, reactive ion etching.  
The UV-NIL technique has several prominent advantages over the thermal NIL, 
which include the capability of UV-NIL to be performed at room temperature, which 
helps eliminate the issues resulting from thermal expansion mismatch between the 
substrate, resist and mold [133]. In addition, the UV-NIL imprinting process involves a 
lower viscosity of the photoresist, which allows the imprinting process to be performed 
at a lower pressure compared to thermal NIL [134, 135]. The cycle time of the UV-NIL 
process is shorter than the thermal NIL due to the elimination of temperature cycle, which 
improves the process throughput [136]. However, UV-NIL process requires either a 
transparent substrate or a transparent mold.  
NIL’s ability to provide low-cost, high resolution, high throughput and highly 
repeatable patterning of nanoscale structures offers potential benefits to numerous 
electrical, optical, photonic, magnetic, and biological applications. These include hybrid 
plastic electronics [137], nanoelectronics devices in Si [138], organic laser [139], organic 
light emitting diode (OLED) pixels [140], solar cells [12, 81, 141], broadband polarizers 
[142], high density quantized magnetic disks [143], nanoscale protein patterning [144] 
and manipulating DNA in nanofluidic channels [145]. In this study, UV-NIL process was 
mainly used to replicate nanopyramid structures for solar cell applications. 
In this chapter, the development of the ultraviolet nanoimprint lithography (UV-NIL) 
and imprint processes for the replication of upright nanopyramid and inverted 
nanopyramid structures are presented. First, the sample preparation processes for UV-
NIL are introduced in section 4.2. Then, imprint processes for the replication of upright 




nanopyramid and inverted nanopyramid structures and patterns analysis are described in 
section 4.3. Finally, the chapter summary is discussed in section 4.4. 
4.2 Preparation for imprint process 
The materials required for UV-NIL are a mold consisting of predefined surface relief 
nanostructures and a suitable UV curable resist material that can be deformed and 
hardened to replicate the shape of the impression. In this section, the anti-sticking layer 
preparation on the master mold and UV curable resist material preparation on a glass 
substrate for imprint process are presented.  
4.2.1 Master mold fabrication 
The mold is one of the most vital elements for the NIL process as it contains the pattern 
information and details. The mold used in NIL can essentially be any type of solid 
materials that has a high hardness and durability properties. A variety of materials such 
as Silicon, Silicon dioxide, silicon nitride, quartz, glass, nickel, etc., have been used to 
make molds for NIL.  
In this study, the periodic inverted nanopyramid structure on silicon substrate was 
used as a master mold substrate for the imprint process. The periodic inverted 
nanopyramid structures were fabricated on Si substrate by LIL and subsequent pattern 
transfer by combined reactive ion etching and KOH wet etching. The details of the 
fabrication process of inverted nanopyramid structures can be found in Chapter 3.      
    
 




4.2.2 Anti-sticking layer treatment on mold 
A master mold for NIL has a high density of nanoscale protrusion features on the mold 
surface, which effectively enhances the total surface area. The increased surface area of 
the mold contacts with the imprinted resist leading to strong adhesion of the imprinted 
resist to the mold. This effect can be easily observed by the sticking of the resist to the 
mold without special surface treatment. The surface treatment for NIL molds not only 
avoid the adhesion between the mold materials and imprint resists which can improve the 
imprint qualities, but it also increases the mold lifetime significantly by preventing 
surface damage and contamination. Hence, it is necessary to deposit a low surface energy 
release layer or anti-sticking layer directly onto the master mold prior to the imprint 
process. In order to achieve this, self-assembled monolayers (SAM) with low surface 
energies such as Teflon [146, 147], and silane materials [148-150]  have been reported as 
an anti-sticking layer to enhance the demolding capabilities and to increase the mold 
lifetime. The most widely used anti-sticking layer approach is a SAM of a fluorosilane 
release agent either by a vapor phase or solution phase deposition.  
Figure 4.2:  Schematic representation of the self-assembled monolayer (SAM) 
coating using a natural evaporation method of F13-TCS in a vacuum desiccator. 




In this work, A 1H, 1H, 2H, 2H-Perfluorooctyl-trichlorosilane also known as F13-
TCS solution from Sigma-Aldrich was used as an anti-sticking layer on molds for NIL. 
A SAM coating was formed on the mold surface with F13-TCS agent via a vapor 
deposition method inside the desiccator at room temperature. In this method, the sample 
was baked in the oven at 90°C for 30 minutes to fully dry the surface from water moisture 
and then cooled down to room temperature. A small droplet of the anti-sticking solution 
(F13-OTCS) was dispensed at the center of a small petri dish which was loaded with mold 
into a vacuum desiccator as shown in Figure 4.2. The substrate was left to react for 2 
hours at room temperature, then removed from the desiccator and baked in the oven at 
90°C for one hour.  
 
Prior to the imprint process, the contact angle measurements were performed on the 
inverted nanopyramid textured Si surfaces before and after the surface treatments to 
quantify the changes of the surface energies. Figure 4.3 shows the contact angle of 
inverted nanopyramid textured Si surfaces before and after the surface treatments. The 
(a) Inverted nanopyramid 
structured Si substrate. 
 
(b) Inverted nanopyramid structured Si 
substrate with SAM. 
 
Figure 4.3: The contact angles on the surface of inverted nanopyramid structured Si 
substrate at normal conditions and after being coated with an anti-adhesive 
monolayer. 




contact angle of the inverted nanopyramid textured Si surface was increased from 87 to 
122° after coated with an anti-sticking layer of F13-TCS which is highly hydrophobic. It 
can be clearly seen that F13-TCS SAM coating was enhanced the anti-adhesive properties 
on the inverted nanopyramid textured Si surface which is essential for the imprint ing 
process. 
4.2.3 Substrate preparation 
The low iron glass with a thickness of 0.5 mm was used as a substrate for UV curable 
resist. The UV curable resist plays an important role in the successful applications of UV-
NIL where adhesion between the substrate and resist should be high, whereas, between 
the mold and resist should be as low as possible [136]. The resist that was used in this 
work was OrmoStamp from Micro Resist Technology, which is UV curable inorganic-
organic hybrid polymer with high transparency for UV and visible light designed for UV 
imprinting or molding. It is suitable for the fabrication of nanopatterns in many 
applications such as optical devices, photonic crystals, solar cells, and micro/nanofluid ics.  
The UV curable resist must have a strong interfacial bonding to the substrate on the 
one hand, but not stick to the mold surface in the imprint process [151]. In order to achieve 
a strong adhesion between the resist and glass substrate, an extra cleaning process 
combined with oxygen plasma treatment were performed and also adhesion promoter was 
added on the glass substrate prior to the resist spin coating. The OrmoPrime08 from micro 
resist technology was used as an adhesion promoter solution based on organofunctiona l 
silanes. It has been designed to promote the adhesion of OrmoStamp, OrmoComp,  
OrmoClear, OrmoCore, and OrmoClad to various substrates, like silicon, glass and 
quartz.  




The glass substrate was cleaned with acetone, methanol, and isopropyl alcohol (IPA) 
solvents in an ultrasonic bath and then rinsed with deionized water and finally dried with 
Nitrogen gas. Next, the substrate surface was treated using short oxygen plasma to 
enhance optimum adhesion at the interface between the glass and the OrmoPrime08. After 
that, the substrate was baked using an oven at 200°C for 30 minutes and cooled down to 
room temperature immediately before coating. OrmoPrime08 was deposited onto the 
glass substrate by spin coating at a spin speed of 4000 rpm for 60 sec. The spin-coated 
film was then baked on a hot plate at 150°C for 5 minutes and cooled down to room 
temperature. Finally, OrmoStamp resist was spun coated onto the OrmoPrime08 layer 
coated substrate at a spinning speed of 6000 rpm for 60 sec. After spin coating, the 
substrate coated with resist was thermally prebaked on a hot plate at 80°C for 2 minutes 
to enhance the homogeneity of the resist thickness and to increase the adhesion between 
the resist and substrate. 
4.3 Nanoimprint process 
To perform the imprint experiment, a vacuum operated manual imprint tool was used in 
this work. The two manual imprint tools were designed and employed to perform the 
imprint processes on 20 × 20 mm2 and 10 × 10 mm2 samples, respectively. The vacuum 
operated imprint tool was fabricated in the department’s mechanical workshop using 
aluminium. It creates a vacuum environment in order to reduce the air bubbles trapped in 
between the resist and mold during the imprint process.  
Figure 4.4 (a) and (b) shows the schematic cross-sectional view and the optical image 
of the imprint tool used in this work, respectively. It was attached to the Karl Suss Mask 
Aligner (MA-6) exposure system to perform as a UV-NIL tool. The Mask Aligner system 
uses i-line 365 nm wavelength UV source for exposure. The vacuum line of the Mask 




Aligner system is connected to the imprint tool that used to hold the mask onto the mask 
holder. In this work vacuum pressure of 4mbar and 365 nm wavelength UV illumina t ion 
were employed to perform the imprint process. 
  
In order to replicate the original master mold, two subsequent imprint processes need 
to be applied. In this work, periodic inverted nanopyramid textured Si substrate was used 
as a master mold. In the first step of the imprint process, the negative of the pattern on the 
master mold was replicated from Si master mold to resist coated glass substrate, i.e. 
inverted nanopyramid structures on Si master mold become upright nanopyramid 
structures on resist coated glass substrate. In the second step of imprint process, the 
inverted nanopyramid structures were replicated on resist using upright nanopyramid 
patterned glass substrate as a master stamp.      
(a) The schematic cross sectional view  (b) The optical image angle view 
Figure 4.4: The vacuum operated manual imprint tool used for UV-NIL in this work. 








Figure 4.5: AFM images of inverted nanopyramid structured master mold (a) 2-D 
view, (b) 3-D view and (c) cross sectional traces. 




Figure 4.5 shows the AFM images and cross-sectional traces of periodic inverted 
nanopyramid structures on Si  The periodic inverted nanopyramid structure have features 
with a width of about 450 nm, a height of about 300 nm and separation of about 150 nm. 
4.3.1 Imprint - Upright nanopyramid structures replication 
Figure 4.6 illustrates the schematic diagram of the first imprint process steps to create the 
upright nanopyramid structures into UV curable resist coated glass substrate from 
inverted nanopyramid structured Si master mold. The F13-TCS SAM coated Si master 
mold coated with F13-TCS SAM /UV curable resist coated glass substrate was loaded 
into the imprint tool. The SAM coated Si master mold and UV curable coated glass 
substrate were prepared as described in section 4.2. A vacuum pressure was set to 4 mbar 
and the Mask Aligner (MA-6) system was then activated. The resist was cured under a 
UV exposure for 4 min using 4.4 mW/cm2 illumination intensity with 365 nm UV source 
at room temperature. A manual de-molding process was utilized by applying gradual 
force using a scalpel at one corner of the mold in order to delaminate between the two 
material surfaces. Subsequently, the replicated substrate was thermally baked in an oven 
at 150°C for 2 hours to improve the film thermal and environmental stability. 
Figure 4.6: The schematic diagram of the first imprint process steps to replicate the 
upright nanopyramid structures. 




   
Figure 4.7: AFM images of inverted shapes of the master mold replica formed on UV 
transparent OrmoStamp resist coated  glass substrate after the first imprint (a) 2-D 








Figure 4.7 (a) and (b) show the 2-D and 3-D AFM images of the periodic upright 
nanopyramid formed onto the OrmoStamp resist coated glass substrate as the result of 
first imprint process. It can be seen that the upright nanopyramid structures with periodic 
features in the order of 500nm and smooth surfaces have been precisely replicated onto 
the OrmoStamp resist coated glass substrate. The AFM images for the master mold and 
imprinted sample were compared and dimensions measured from randomly selected areas 
but with the same scanned area of 5 µm × 5 µm.  
Figures 4.5(c) and 4.7(c) reveal that no significant differences can be found between 
the master mold and inverted shape of master mold replica. These results further confirm 
that excellent fidelity periodic upright nanopyramid structures can be achieved by UV-
NIL imprinting. This high fidelity replication offers high flexibility in designing new light 
trapping schemes for solar cells applications. The UV curable resist can be incorporated 
into a range of solar cells configuration because of its low optical absorption [93, 152, 
153]. Therefore, the replicated periodic upright nanopyramid structures on the 
OrmoStamp resist coated glass substrate can be utilized as light trapping and self-cleaning 
functions in different types of solar cells. In this thesis, the effect of upright nanopyramid 
structured cover glass with light harvesting and self-cleaning functions on the device 
performance of monocrystalline Si and polycrystalline Si solar cells are presented in 
Chapter 5. 
This imprinting process can be continued, and the inverted nanopyramid structures 
can be created from the upright nanopyramid structured glass as a mold for direct 3D 
imprint process. It should be noted that there is no direct technique for forming periodic 
and ordered upright pyramid structures on crystalline silicon because of the limita t io n 
imposed by the crystal orientation. 
 




4.3.2 Imprint – Inverted nanopyramid structures replication 
Figure 4.8 shows the schematic diagram of the second imprint process steps to create the 
inverted nanopyramid structures into UV curable resist coated glass substrate. In this 
imprinting process, the replicated upright nanopyramid structure on UV curable resist 
coated glass substrate was used as a mold in order to form the inverted nanopyramid 
structures on UV curable resist coated glass substrate. A very thin F13-TCS SAM was 
used as an anti-adhesive layer on the upright nanopyramid structured glass substrate. It 
was deposited on a mold surface in a vacuum desiccator at room temperature as described 
in section 4.2.2.  
 
The OrmoStamp coated substrate was prepared as explained in section 4.2.3 and was 
placed up at the bottom of the imprint tool. The upright nanopyramid structured glass 
substrate coated with F13-TCS SAM was placed face down and manually aligned on the 
top of the OrmoStamp coated substrate. The inverted nanopyramid structures were 
replicated on the OrmoStamp coated substrate by the same UV imprinting method as 
described in the first imprinting process using upright nanopyramid patterned glass 
substrate as a master mold. 
Figure 4.8: The schematic diagram of the second imprint process steps to replicate 
the inverted nanopyramid structures. 








Figure 4.9: AFM images of inverted nanopyramid structures formed on UV 
transparent OrmoStamp resist coated  glass substrate after the second imprint (a) 2-D 
view, (b) 3-D view and (c) cross sectional traces. 




In order to determine the accuracy of the replication by the nanoimprint process, 
AFM images of the master mold and replicated substrates were taken. Figure 4.9 (a) and 
(b) show the 2-D and 3-D AFM images of the periodic inverted nanopyramid structures 
formed onto the OrmoStamp resist coated glass substrate as the result of second imprint 
process with a scanned area of 5 µm × 5 µm. It can be seen that the inverted nanopyramid 
structures with periodic features and smooth surfaces have been precisely reproduced 
onto the OrmoStamp resist coated glass substrate with high fidelity. Figure 4.9(c) 
illustrates the AFM image cross-sectional traces of the replicated inverted nanopyramid 
structures on resist coated substrate. It shows that the replication from the upright 
nanopyramid on resist coated substrate is very similar and high accuracy compared to  
original Si master mold as illustrated in Figure 4.5(c).  
The inverted nanopyramid structures, which is utilized for light trapping in solar 
cells, was transferred to the resist coated substrate by the nanoimprint process without 
any structural losses. The inverted nanopyramid structures by nanoimprint process can be 
used in different approaches to enhance the solar cell performances. In this thesis, the 
inverted nanopyramid structures were fabricated on the front side of the monocrystall ine 
Si and polycrystalline Si solar cells by nanoimprint process, respectively. The effect of 
the inverted nanopyramid structures for improving the performances of monocrystall ine 










In this chapter, the development of the ultraviolet nanoimprint lithography (UV-NIL) and 
nanoimprint processes for the replication of upright nanopyramid and inverted 
nanopyramid structures were presented. The periodic inverted nanopyramid structure on 
a silicon substrate was used as a master mold substrate for the imprint process. The 
periodic inverted nanopyramid structures were fabricated on a Si substrate by LIL and 
subsequent pattern transfer by combined reactive ion etching and KOH wet etching. The 
anti-sticking layer for the mold and substrate preparation for imprint process were 
discussed.  
In the first nanoimprint process, the upright nanopyramid structures were fabricated 
on the OrmoStamp coated glass substrate using Si master mold with high fidelity. The 
upright nanopyramid structured glass substrate was used as cover glass for solar cells 
application and as a mold for the second imprint process. The effect of the upright 
nanopyramid structured cover glass for solar cell applications is discussed in Chapter 5.  
In the second nanoimprint process, the inverted nanopyramid structures were 
fabricated on the OrmoStamp coated substrate using the upright nanopyramid structured 
glass substrate as a mold. The replicated inverted nanopyramid structure on resist coated 
substrate was faithfully resolved with the high accuracy compared to original Si master 
mold. The inverted nanopyramid structures replicated at the front of the solar cells can 
enhance the solar cells efficiencies by acting as a light harvesting and anti-reflec t ive 
coating, which is demonstrated in Chapter 6. 
There are some issues which came up during the development of the UV-NIL 
process. The adhesion between the resist and substrate were critical when no adhesion 
promoter was added to the substrate before to the resist spin coating. In order to resolve 




the adhesion problem between the resist and substrate, the OrmoPrime08 from micro 
resist technology was used to increasing the adhesion of the OrmoStamp resist to 
substrate. It was observed that the F13-TCS SAM coated master mold was used several 
times in the imprint process, whereas imprint process was not successful without F13-TCS 
SAM coating due to the sticking and particles contamination. SAM coating improves the 
imprint qualities and also increases the mold lifetime significantly by preventing surface 
damage and contamination. It was also observed that the adhesion between the mold and 
replica was larger when higher exposure dose was used during the imprint process. This 
effect may be correlated to higher shrinkage of the resist when exposed to higher UV 
exposure dose. In this case, it was preferred to maintain constant UV exposure dose (1000 
mJcm-2) prior to the demolding and additional UV exposure and hard baking were done 
after demolding.   




Chapter 5 Upright nanopyramid structured cover glass with light 
harvesting and self-cleaning effects for solar cells 
 
The effect of upright nanopyramid (UNP) structured cover glass with light harvesting and 
self-cleaning functions on the device performance of monocrystalline Si solar cells and 
commercially made polycrystalline Si solar cells are presented in this chapter. The UNP 
structures were fabricated on the surface of the glass substrate by simple, high throughput 
and low-cost UV nanoimprint lithography using Si master mold with inverted 
nanopyramid (INP) structures. The diffuse transmittance and haze ratio value were 
significantly increased for UNP patterned glass, especially, in the wavelength range 300-
600 nm compared to the bare glass, which implies that antireflection effect and strong 
light scattering due to the UNP structures. By replacing a bare cover glass with UNP 
patterned glass, the power conversion efficiency of the monocrystalline Si solar cell and 
commercially made polycrystalline Si solar cell were substantially enhanced by 10.888% 
and 8.216%, respectively. That was mainly due to the increased oblique scattering and 
prolonged the optical path length by the upright nanopyramid structures. In addition, the 
fluorinated UNP structured cover glass exhibited a hydrophobic surface with a water 
contact angle (θCA) of ~132° and excellent self-cleaning function when tested with dust 
particles by rolling down water droplets. The self-cleaning properties is superior as 
compared to the bare cover glass, which has a typical contact angle of θCA ~ 36°. 





Solar cell modules are installed in an outdoor environment for the vast majority of 
applications. Therefore, whatever the type of solar cell, glass is commonly incorporated 
as an encapsulation for preventing damage from dust, moisture and external shock [154, 
155]. However,  some of the incident light onto a solar cell might be lost through optical 
reflection due to the refractive index mismatch between the air and cover glass and 
through scattering or absorption by contaminants [17, 156]. The amount of the incident 
light reaching the solar cell could be enhanced by incorporating antireflective and light 
scattering nanostructures at the cover glass surface. Moreover, it is also demonstrated that 
the nanostructured cover glass has self-cleaning property so as to efficiently maintain the 
performances of solar cells in harsh environments. 
In order to enhance the efficiency of the solar cells, the cover glass that combining 
antireflective and scattering effects with self-cleaning have been studied by several 
research groups [6, 14, 157-159]. The oblique light scattering effect improves the light 
harvesting of the solar cells as a result of prolonged optical path length within the solar 
cells and thus, increasing the conversion efficiency [12, 160]. There are several methods 
for obtaining nanoscale structures including electron beam lithography [46], focused ion 
beam lithography (FIB) [104], laser interference lithography (LIL) [26, 105],  
nanoimprint lithography (NIL)[92, 93, 152, 161, 162], nanosphere lithography (NSL) 
[108] and Block copolymer lithography (BCPL) [109]. Among them, the UV nanoimprint 
lithography (UV- NIL) is emerging as powerful technique for fabricating nanoscale 
structures on large surfaces with simple, high throughput, low cost and high resolution 
manufacturing capability [80].  
In this chapter, we demonstrate the use of UNP structured cover glass with effic ient 
light harvesting and self-cleaning effects. The UNP was applied for encapsulating a 




monocrystalline and a polycrystalline Si solar cells to improve the power conversion 
efficiency and also to act as a hydrophobic surface. The properties of the UNP surfaces 
were compared to the encapsulated monocrystalline and polycrystalline Si solar cells with 
the bare glass. The UNP structured glass was fabricated by UV nanoimprint lithography 
using Si master mold with INP structures as discussed in Chapter 4. For the UNP 
structured cover glass, the surface wetting behavior and optical properties were 
investigated. The effects of UNP structured cover glass on the device characteristics of 
monocrystalline and polycrystalline Si solar cells were also characterized. 
5.2 Experimental details 
5.2.1 Fabrication of upright nanopyramid structures on glass substrate 
The UV nanoimprint lithography process was used for the fabrication of UNP structures 








Figure 5.1: The schematic diagram of overall imprint process. 
.steps 




The periodic INP structure master Si mold was fabricated by laser interference 
lithography and subsequent pattern transfer by combined reactive ion etching and KOH 
wet etching. Additional details on the fabrication process of master mold can be found in 
Chapter 3. A UV curable resist (OrmoStamp) was spun onto a glass substrate and then 
the substrate was placed over the Si mold inside the imprint tool. An imprint pressure of 
up to 4 mbar was applied to transfer the patterns with a UV light illumination of 
wavelength 365 nm.The UNP pattern was successfully replicated from the Si mold to the 
glass plate with high fidelity. After the UV nanoimprint process, F13-TCS based SAM 
was coated onto the upright nanopyramid patterned glass plate in order to increase the 
hydrophobicity of the surface. More details of the UV nanoimprint process parameters 
and the tools which were used can be found in Chapter 4. 
5.2.2 Solar cell fabrication 
In order to measure the effect of the UNP structures, the UNP patterned glass, and the 
bare glass substrates were used as a cover glass on a monocrystalline Si solar cell and 
commercially made polycrystalline Si solar cell provided by Hanregy of China. In this 
study, monocrystalline Si solar cells were fabricated by the process shown in the 
schematic Figure 5.2. 
A single-side-polished, Czochralski (CZ) grown, 350µm thick, Boron doped p-type 
silicon wafer with <100> crystal orientation and resistivity of 0.5-1.0 Ωcm was used as 
the substrate. After standard RCA cleaning and 1:10 dilute HF dipping, a 200 nm thermal 
oxide was grown onto the wafer using quartz tube furnace and dry/wet oxidation was 
done at 1000oC. The 10mm × 10mm individual cells were defined by photolithography 
followed by buffered HF etching to remove the oxide and isolate the individual cells by 
opening windows in the oxide. The backside of the substrate was doped with boron dopant 




(B202 form Filmtronics) to produce back surface field effect. The emitter junction was 
formed by spin-on phosphorus doping processes using P509 Dopant from Filmtronics. 
The diffusion was performed in a quartz tube furnace at 950 oC for 30 min in a 20% O2 
and 80% N2 environment. Diluted 10% HF solution was used to remove the 
phosphosilicate glass (PSG) on the wafer surface. The 300 nm thick aluminum front 
contact grid and back contact were formed by DC sputtering and metal lift-off. In creating 
of the top contact, top contact patterns were defined by photolithography before the metal 
deposition 
  
Figure 5.2: Schematic representation of monocrystalline Si solar cell fabrication 
process.  




5.2.3 Characterization  
The surface morphologies of the fabricated samples were observed by using scanning 
electron microscope (SEM) (JEOL 7000F FE-SEM) and atomic force microscope (AFM, 
DI3000). The total and diffuse transmittance of UNP patterned glass and the bare glass 
were measured using a UV-visible spectrophotometer at room temperature, with an 
integrating sphere over the wavelength range of 300-1200 nm. The contact angle of water 
droplets on the UNP patterned glass, and the bare glass was measured using a contact 
angle goniometer with Edmund Scientific Camera. The setup used for the measurements 
are shown in Figure 5.3. The current density-voltage characteristics were measured using 
a Keithley 2400 source measure unit and a solar simulator (ABET Sun3000) with AM 
1.5G filter under illumination of 1 sun. The external quantum efficiency was also 




Figure 5.3: The setup used for comparison measurements (a) Si solar cells without 
cover glass (b) with a bare cover glass and (c) with a UNP patterned glass. 
(a) (b) (c) 




5.3 Results and discussion 





Figure 5.4: 30°-tilted view SEM images of (a) INP Si master mold and (b) UNP 
structured on glass and the inset images are the cross-sectional view of SEM images. 
3D AFM images of (c) INP Si master mold and (d) UNP structured on glass.  




Figure 5.4(a) and (c) present the SEM images and AFM image of the Si master mold with 
INP structures, respectively. Figure 5.4(b) and (d) show the SEM images and AFM image 
of the UNP structured glass from the master mold, respectively. As shown in Figure 
5.4(a), the INP structures were well formed on the surface of the Si master mold by using 
laser interference lithography and subsequent pattern transfer by combined reactive ion 
etching and KOH wet etching. By using UV nanoimprint lithography, the INP patterns 
on the Si master mold were transferred onto the UV curable resist coated glass substrate 
without any distortion and deformation, as shown in Figure 5.4(b). This was also be 
confirmed in the AFM image of Figure 5.4(d). From Figure 5.4, the 450 nm wide and 310 
nm high UNP structures with 125 nm separation were replicated uniformly over the large 
area of 10x10 mm after the imprint process. 
 
  
Figure 5.5: Measured total and diffuse transmittance spectra of the bare glass and the 
UNP patterned glass as a function of wavelength. 




Figure 5.5 illustrates the comparison between the total and diffuse transmittance of 
the glass substrates with and without UNP patterns, which were measured using an 
integrating sphere with the incoming light entered from the patterned glass substrate. As 
can be seen in Figure 5.5, the total transmittance of the UNP patterned glass was slightly 
lower than that of the bare glass in the wavelength range of 450-800 nm, which may be 
caused by the diffraction losses due to the higher order diffracted waves [163-165]. 
However, the diffuse transmittance of the UNP patterned glass was increased up to 24% 
in the visible wavelength region due to higher orders of diffracted waves in the 
transmission, while the bare glass substrate shows almost no diffuse transmittance over a 
wide wavelength range as shown in Figure 5.5.   
Figure 5.6: The optical haze spectra of the bare glass and the UNP patterned glass as 
a function of wavelength. Photographs of diffracted light patterns of the 
corresponding samples obtained from the green diode laser with λ=532 nm are also 
shown in the inset.   




The haze value (H), which is defined by the ratio of the diffuse transmittance (Td) to 
the total transmittance (Tt), i.e., H = Td / Tt, which indicates the light scattering properties 
of the samples. When the incident light passed through the bare cover glass, the H value 
was close to zero as shown in Figure 5.6. In contrast, the H value was significantly 
increased for patterned glass, especially, in the wavelength range 300-600 nm, which 
implies that strong light scattering by UNP structured glass. This light scattering behavior 
can also be confirmed in the insets of Figure 5.6.  For the bare cover glass, there is almost 
no light diffraction, whereas the UNP patterned glass shows high order diffract ion 
patterns using a green diode laser at a wavelength of 532 nm. This scattering effect will 
result in changes in the propagation direction of light from normal to the oblique 
incidence in the solar cell. As a result, the optical path length of the incident light was 
elongated and hence the light absorption in the active layer was also improved by the 
patterned glass. Indeed, the high haze optical property due to the light scattering effect 
would positively enhance the power conversion efficiency of the solar cells with the UNP 
patterned glass compared to the bare cover glass [166-168].  
  
Figure 5.7: FDTD simulation model layout of the UNP structured glass 
substrate (a) Perspective view and (b) XZ view. 
(a) (b) 




Numerical simulations by using the finite –difference-time –domain (FDTD) method 
by Lumerical solutions Inc. were performed to explain how the incoming light couples 
with and without UNP structure. Figure 5.7 shows the   FDTD simulation model layout 
of the UNP structured glass substrate perspective view and XZ view. Perfectly matched 
layers (PML) and periodic boundary conditions were used in the perpendicular and 
horizontal directions.  
 
The cross-sectional electric field distributions at different wavelength were obtained 
for the incident light propagating from air to the glass substrate with and without UNP 
structure as illustrated in Figure 5.8. As shown in Figure 5.8, UNP structures exhibit 
strong light interference patterns with wide angular range, especially in the wavelength 
below 600 nm and allow the light propagation interface between the air and the glass 
Figure 5.8: The cross-sectional electric field distribution profiles at different 
wavelength by FDTD analysis (a) UNP structured glass with period of 600nm, size 
of 500nm and height of 400nm and (b) bare glass. 




while there are no scattering light for bare cover glass. From these results, it is 
demonstrated that UNP structured glass enables to enhance the diffuse transmittance of 
the cover glass and thus it can lead to the PCE enhancement of encapsulated solar cells 
due to the enhanced light harvesting in the absorption layer of the solar cells caused by 
strong light scattering and antireflection effects[168, 169]. 
 
 Figure 5.9 shows the contour plot of simulated transmittance spectra of the UNP 
structured glass as a function of angle of incidence (0-50°) over the broad wavelength 
range. It shows that for the incident angle no bigger than the 15°, the average 
transmittance is still as high as the case at normal incidence. However, when the angle is 
up to 50°, the transmittance is rapidly decreased, especially in the long wavelength range 
600 nm – 1200 nm. This is because the gradient refractive index profile from air to glass 
substrate changes considerably from the case at normal incidence.   
Figure 5.9: Contour plot of simulated transmittance spectra of the UNP structured 
glass as a function of angle of incidence (0-50°) over the broad wavelength range.  




5.3.2 Device performance 
In order to verify the effect of the periodic UNP patterns, the patterned glass and the bare 
glass substrate were used as a cover glass on a monocrystalline Si solar cell and 
commercially made polycrystalline Si solar cell. Figure 5.10shows the current density – 
voltage characteristics of encapsulated monocrystalline Si solar cell (Figure 5.10(a)) and 
polycrystalline Si solar cell (Figure 5.10(b)) with and without UNP patterned cover glass. 
The measured monocrystalline Si solar cell and polycrystalline Si solar cell performances 
are summarized in Table 5.1 and 5.2, respectively.   
(a) 
(b) 
Figure 5.10: Current density–voltage characteristics of encapsulated (a) 
monocrystalline Si solar cell and (b) polycrystalline Si solar cell with and without the 
UNP patterned cover glass and bare cover glass. 





 There was no significant change in the open circuit voltage (VOC), but a significant 
enhancement in the short-circuit current density (JSC) was observed as expected. The fill 
factor (FF) of monocrystalline and polycrystalline Si solar cells were slightly enhanced 
from 55.226% to 59.756% and 57.781% to 61.195 % with UNP patterned cover glass, 
respectively. Such improvement in FF could be attributed to enhanced density of free 
carriers [170], induced by the increased number of photons entering the active layer of 
the solar cell and reducing the effective series resistance.  
Table 5.1 Device characteristics of encapsulated monocrystalline Si solar cells with and 







Table 5.2 Device characteristics of encapsulated polycrystalline Si solar cells with and 







The JSC values of the monocrystalline and polycrystalline Si solar cells without cover 











Without cover glass 0.580 34.376 59.815 11.926 
Bare cover glass 0.580 31.598 55.226 10.121 











Without cover glass 0.575 32.512 61.273 11.455 
Bare cover glass 0.575 29.563 57.781 9.822 
UNP patterned cover glass 0.575 30.207 61.195 10.629 




2 and 29.563 mAcm-2 with a bare cover glass, respectively. This reduction in JSC indicates 
that the cover glass reduces the number of photon entering the active layer of the solar 
cell through reflection and absorption processes. However, by replacing the bare glass 
with UNP patterned cover glass, JSC values were increased to 32.390 mAcm-2 and 30.207 
mAcm-2 for encapsulated monocrystalline Si solar cell and polycrystalline Si solar cell, 
respectively. As a result, the use of the UNP patterned glass as a cover glass, the power 
conversion efficiency (PCE) of encapsulated monocrystalline Si solar cell and 
polycrystalline Si solar cell were significantly enhanced by 10.888% and 8.216% 
compared to the encapsulated monocrystalline Si solar cell and polycrystalline solar cell 
with bare cover glass, respectively. This enhancement is mainly due to the strong light 
scattering effect via the UNP structures. 
 
As shown in Figure 5.11, the solar cells with UNP patterned cover glass exhibited 
improved EQE values compared to the solar cells with the bare cover glass, particula r ly 
in the wavelength region 400-600 nm, due to the increased photogenerated carriers caused 
by its higher diffuse transmittance and haze properties. This result was precisely matched 
with the optical haze value result shown in Figure 5.6. From these results, the periodic 
UNP patterned glass offers a better-graded index medium to the incident light, compare 
to the bare glass, which can reduce the Fresnel reflectance and scatter more incident light 
into the solar cells and prolong the optical path length, therefore improving the light 
trapping and increasing the overall conversion efficiency. 
  







Figure 5.11: EQE spectra of of encapsulated (a) monocrystalline Si solar cell and (b) 
polycrystalline Si solar cell with and without the UNP patterned cover glass and bare 
cover glass. 





5.3.3 Surface wettability and self-cleaning behaviors 
 
 
In real outdoor environments, the cover glass layer of the solar cell can be easily 
contaminated by dust particles, which interfere with the incident light into the cell 
absorption layer and thus reducing the solar cells performance. Therefore, the 
antireflection layer with a self-cleaning function at the top surface of the cover glass layer 
is necessary to maintain the solar cell performance[96, 171]. The water wetting behaviors 
of the samples with different morphologies were investigated. Fig. 5.12 shows (a) the 
photographs of a water droplet on (I) the bare glass, (II) UNP structured glass and (III) 
Figure 5.12: Photographs of (a) a water droplets on (I) bare glass, (II) UNP glass and 
(II) SAM-coated UNP glass and (b) sequential photographs of self-cleaning process 
for (I) the bare glass and (II) UNP glass. The θCA is the water contact angle. 




SAM-coated UNP structured glass and (b) sequential photographs of water droplet self-
cleaning process for (I) the bare cover glass and (II) UNP structured glass. 
As shown in Figure 5.12(a), the bare glass exhibited a hydrophilic surface with a 
water contact angle (θCA) of ~ 36° while UNP patterned glass showed a hydrophobic 
behavior with a θCA value of ~ 112°. This hydrophobic behavior is attributed to the 
increased surface roughness of the UNP patterned glass, which can be explained by the 
Cassie–Baxter equation [172]. Moreover, F13-TCS based SAM was coated onto the UNP 
patterned glass in order to enhance its hydrophobic surfaces. In this case, the contact angle 
of the SAM-coated UNP glass was increased to 132° as shown in Figure 5.12(a). These 
contact angle (θCA) values are comparatively lower than those reported with 
superhydrophobicity (i.e., θCA > 150°) in previous studies [173-176]. However, it can be 
seen that the black dust particles on the surface of UNP patterned glass were clearly 
removed by the rolling down water droplets without any remaining dust particles or water 
droplets at the surface, as shown in Figure 5.12(b). In contrast, the black dust particles on 
the bare glass were moved downwards with the rolling down water droplets and thus the 
dust particles partially remained with water droplets at the edge of the glass. As a result, 
this UNP patterned cover glass with light harvesting and self-cleaning properties would 
enhance the practical feasibility of solar cells in real outdoor environments.  
 
  





The UNP structures with antireflective and hydrophobic properties were fabricated on the 
glass substrate by simple, high throughput and low cost UV nanoimprint lithography 
using Si master mold with INP structures. INP structures on Si was fabricated by 
interference lithography and subsequent pattern transfer by combined reactive ion etching 
and KOH wet etching.  
The diffuse transmittance and haze ratio value were significantly increased for UNP 
patterned glass, especially, in the wavelength range 300-600 nm compared to the bare 
glass, which indicates that an antireflection function and strong light scattering due to the 
UNP structures. The use of UNP patterned cover glass as a cover glass, the power 
conversion efficiency of the encapsulated monocrystalline Si solar cell and 
polycrystalline Si solar cell were substantially enhanced by 10.888% and 8.216%, 
respectively. This increase is mainly due to the scattering and prolong the optical path 
length of the incident photons by the upright nanopyramid structures compared to the 
reference cells with bare glass. In addition, the fluorinated UNP structured cover glass 
exhibited larger θCA ~132° and excellent self-cleaning of dust particles by rolling down 
water droplets. These results suggest that the UNP structured glass with light harvesting 
and self-cleaning properties has a considerable potential for various types solar cells and 
optical display systems in outdoor environments.   
 
  




Chapter 6 Enhancing the performance of solar cells with inverted 
nanopyramid structures fabricated by UV nanoimprint 
lithography 
 
In this chapter, we demonstrate that periodic inverted nanopyramid structures can 
enhance the power conversion efficiency of monocrystalline Si solar cell and 
commercially made polycrystalline Si solar cell by minimizing reflections, improving 
light trapping process in addition to its self-cleaning functionality. The periodic inverted 
nanopyramid structures were fabricated on monocrystalline Si solar cell and 
polycrystalline Si solar cell surfaces using a UV nanoimprint lithography. By introduc ing 
inverted nanopyramid structures on the front side of the monocrystalline Si and 
polycrystalline Si solar cells, the power conversion efficiencies were improved by 
11.733% and 6.869% compared to identical solar cells without the texturing, respectively. 
The inverted nanopyramid coating decreased the reflectance and increased the external 
quantum efficiency over a broad wavelength range. Moreover, the surface of the solar 
cells exhibited hydrophobic properties due to increased contact angle caused by the 
nanostructure patterns and the self-assembled monolayer coating. The enhanced 
hydrophobicity provided the solar cells with an added self-cleaning functionality. These 
results suggest that the periodic inverted nanopyramid structures has high potential in 
improving the performance of silicon solar cells and may be applied to different types of 
solar cells.  
 
  





Reducing optical losses in the solar cells has always been a key challenge in enhancing 
the conversion efficiency. In general, efficient light management has been achieved by 
textured surfaces that enhance the light collection and increasing the effective optical path 
length of the light within the absorber layer of a solar cell [23]. Various texturing studies 
have been carried out, such as texturing at the back side [152] or at the front side of a 
solar cell [177] or pre-texturing the solar cell substrates [178, 179] and a wide variety of 
light management schemes have been investigated to enhance the power conversion 
efficiency of a solar cell. The use of nanostructures for improving the light absorption and 
trapping in solar cells is a more promising method compared with the traditional micro-
sized surface texturing [24, 61].  
Nanostructures can be fabricated by various techniques including electron beam 
lithography (EBL) [46], laser interference lithography (LIL) [26], nanoimprint 
lithography (NIL) [99, 180], nanosphere lithography (NSL) [108] and Block copolymer 
lithography (BCPL) [109]. Various nanostructures such as nanowires [181-183], 
nanorods [51], nanocones [47], nanopyramids [105], nanopillars [54] and metal 
nanostructures such as nanogrooves [39] and nanoparticles arrays [184-186] have been 
extensively studied. Despite their excellent light trapping properties, texturing the active 
solar cell layer or introducing metal nanostructures within the cell results in poor charge 
carrier collection due to increased surface recombination. Fang Jiao et al. [100] 
demonstrated that the imprinting of moth-eye-like structures on the front side of 
monocrystalline Si solar cell surface enhanced the conversion efficiency by 19% 
compared to the reference solar cell. This is achieved through coupling the incident light 
into the absorber layer. This approach of surface texturing differs from other approaches 
such as texturing the active material or using metal nanostructures. This approach 




enhances solar cell performance without introducing additional surface recombination 
and also provides excellent solar cell self-cleaning functionality.  
However, the use of printing periodic inverted nanopyramid structures have not been 
demonstrated on solar cells by means of UV nanoimprint lithography. The objective of 
this work was to determine the enhancement of monocrystalline Si solar cell performance 
employing periodic inverted nanopyramid structures using low cost and scalable 
approach.  
In this work, the periodic inverted nanopyramid structures were fabricated on the 
front side of monocrystalline Si solar cell and commercially made polycrystalline Si solar 
cell surfaces by means of UV nanoimprint lithography. The reflectance, external quantum 
efficiency, current-voltage measurements and wettability of the monocrystalline Si solar 
cells and polycrystalline Si solar cells with and without the inverted nanopyramid 
structures were investigated. By applying the inverted nanopyramid structure coating on 
the monocrystalline Si solar cells and polycrystalline Si solar cells, enhancement of light 
trapping and power conversion efficiency in addition to high hydrophobic surfaces 
suitable for self-cleaning purposes were observed. 
6.2 Experimental details 
6.2.1 Fabrication of inverted nanopyramid patterns on solar cells  
Figure 6.1 illustrates the schematic diagram of overall imprint process steps for the 
fabrication of inverted nanopyramid structures on a solar cell front surface. The periodic 
inverted pyramid structure master Si mold was fabricated by laser interference 
lithography and subsequent pattern transfer by combined reactive ion etching and KOH 
wet etching. Additional details on the fabrication process of master mold can be found in 
Chapter 3.    





The upright nanopyramid pattern was successfully replicated by UV nanoimprint 
process from the Si mold onto the glass substrate with high fidelity as described in 
Chapter 5. This is used as a stamp in the second imprint process to produce the inverted 
nanopyramid patterns. After the UV nanoimprint process, F13-TCS based SAM was 
coated onto the upright nanopyramid patterned glass substrate as anti-sticking layer. More 
details of the UV nanoimprint process parameters and the tools which were used can be 
found in Chapter 4. 
In order to determine and measure the role of the inverted nanopyramid structure for 
improving the photo-current conversion efficiency, the inverted nanopyramid structures 
were placed onto a monocrystalline Si and commercially manufactured polycrystalline Si 
solar cells, For meaningful comparison, the same UV imprinting process method used for 
upright nanopyramid patterned glass substrate was applied here. The monocrystalline Si 
Figure 6.1: The schematic diagram of the overall fabrication process of inverted 
nanopyramid structures on a solar cell front surface.  




solar cells were fabricated in our laboratory under same conditions. Details of the 
monocrystalline Si solar cells fabrication processes are discussed in Section 5.2.2. 
6.2.2 Characterization 
The nanostructures of the samples were examined by scanning electron microscope 
(SEM) (JEOL 7000F FE-SEM) and atomic force microscope (AFM) to determine the 
pattern of the master stamp was replicated uniformly and faithfully on the top of the solar 
cells surface. The reflectance of the monocrystalline Si cell and polycrystalline Si solar 
cell with and without the inverted nanopyramid structures were obtained using UV-
visible spectrophotometer at room temperature, with an integrating sphere over the 
wavelength range of 300-1200 nm. The current density-voltage characteristics were 
measured for the solar cells using a Keithley 2400 source meter and a solar simula tor 
(ABET Sun3000) with AM 1.5G filter under illumination of 1 sun. The external quantum 
efficiency (EQE) was also performed using tungsten –halogen lamp in combination with 
a monochromator (CS130 1/8m). In addition, for hydrophobicity evaluation, the contact 
angle of water droplets on Si surface with and without the inverted nanopyramid patterns 
were measured using a contact angle goniometer with Edmund Scientific Camera.  
6.3 Results and discussion 
6.3.1 Surface patterned profiles 
Figure 6.2(a) shows the top view SEM images of the periodic inverted nanopyramid Si 
master stamp. The upright nanopyramids replica stamp (Figure 6.2(b)) was imprinted 
from the master Si stamp (Figure 6.2(a)). The periodic inverted nanopyramid imprinted 
onto the surface of the solar cells (Figure 6.2 (c)) was obtained from the upright 




nanopyramid replica stamp. It can be clearly seen that the inverted nanopyramid 
structures were transferred to the surface of the solar cell with high fidelity.  
 
Figure 6.3 (a), (b) and (c) show the 3D view AFM images of the periodic inverted 
nanopyramid Si master stamp, the negative replica on the glass and positive replica on 
solar cells, respectively. The periodic inverted nanopyramid structure had features with 
a width of about 450 nm, a height of about 310 nm and separation of about 125 nm and 
was transferred uniformly over the large area of 10x10 mm after two imprint processes.  
(a) (b) 
(c) 
Figure 6.2: Top view of SEM image of (a) the inverted nanopyramid Si master mold, 
(b) the upright nanopyramid replica stamp (c) the periodic inverted nanopyramid 
imprinted onto the surface of the solar cells. 












Figure 6.3: 3D view of AFM image of (a) the inverted nanopyramid Si master mold, 
(b) the upright nanopyramid replica stamp (c) the periodic inverted nanopyramid 
imprinted onto the surface of the solar cells. 




6.3.2 Optical properties and device performance 
 
Figure 6.4 (a) and (b) show the reflectance of the monocrystalline Si surface and 
polycrystalline Si surface with and without coating of inverted nanopyramid structures 
measured as a function of wavelength, respectively. From Figure 6.4, it can be observed 
that the surface reflectance of the monocrystalline Si with the inverted nanopyramid layer 
(a) 
(b) 
Figure 6.4: Reflectance of (a) a monocrystalline Si cell and (b) a polycrystalline Si 
cell with and without the inverted nanopyramid structure measured as a function of 
wavelength. 




was significantly decreased over the broad wavelength range from 300nm to 1200nm 
compared to the planar solar cells due to the gradual change in the refractive index 
between the air and Si surfaces obtained by the inverted nanopyramid layer.  
 
Figure 6.5 shows the   FDTD simulation model layout of the INP coated Si substrate. 
Perfectly matched layers (PML) and periodic boundary conditions were used in the 
perpendicular and horizontal directions. In order to verify the reflectance spectra obtained 
from the experiments, FDTD simulations were performed with and without INP structure, 
resulting simulated reflectance spectra as illustrated in Figure 6.6. It is apparent that the 
theoretical reflection spectra for bare Si substrate is close to the experimental results. The 
overall trend of simulated reflectance spectra is quite consistent with that of the 
experiment data, with apparent reduction of reflectance for INP structures. Meanwhile, 
oscillations of the reflectance spectra can be attributed to the limitation of the modeling 
where the OrmoStamp layer is assumed to have a uniform refractive index over broad 
wavelength range. 
. 
Figure 6.5: FDTD simulation model layout of the INP coated Si substrate. 





Moreover, to shed light on how the light is coupled into INP structure, the cross-
sectional electric field intensity distributions at different wavelength were obtained for 
the incident light propagating from air to the Si substrate with and without INP structure 
as illustrated in Figure 6.7. 
  
Figure 6.6: Experimental and FDTD- simulated optical reflectance spectra of Si 
surface with and without INP structure as a function of wavelength.  
Figure 6.7: The cross-sectional electric field distribution profiles at different 
wavelength by FDTD analysis (a) INP coated Si with period of 600nm, size of 500nm 
and depth of 400nm and (b) bare Si. 




As shown in Fig. 6.7, it can be seen that the existence of INP structure results in 
weaker interference and weaker intensity of the reflected wave. In addition, it can clearly 
be seen from the strong electric field distribution inside the INP structure that the EM 
wave energy can be efficiently coupled into the INP structures. This is because more 
incident photons are coupled into the device the due to the formation of a gradual 
refractive index gradient profile of INP structure.  
(a) 
(b) 
Figure 6.8: Current density – voltage (J-V) characteristics of (a) a monocrystall ine 
Si solar cell and (b) polycrystalline Si solar cell with and without the inverted 
nanopyramid structures under AM 1.5 illumination. 





Figure 6.8 (a) and (b) show the J-V characteristics of the monocrystalline Si solar 
cell and polycrystalline Si solar cell with and without the inverted nanopyramid structures 
under AM 1.5 illumination, respectively. The photovoltaic parameters of the 
monocrystalline Si solar cell and polycrystalline Si solar cell with and without 
nanopyramid structures extracted from these J-V curves are summarized in Table 6.1 and 
Table 6.2.  
Table 6.1 Device characteristics of monocrystalline Si solar cells with and without 






Table 6.2 Device characteristics of polycrystalline Si solar cells with and without 






With the use of inverted nanopyramid structures, the J-V characteristics show that 
there was no significant change in the open circuit voltage (VOC). However, the short-
circuit current density (JSC) of planar monocrystalline Si solar cell and polycrystalline Si 











Planar cell 0.525 29.442 52.550 8.122 











Planar cell 0.570 32.512 61.273 11.355 
INP patterned cell 0.570 33.725 63.127 12.135 




to 33.725 mAcm-2, respectively. This JSC increment was mainly due to the reduced 
reflectance resulting from the inverted nanopyramid structure over a broad wavelength 
range as shown in Figure 6.4. As a result, the conversion efficiency of the monocrystall ine 
Si solar cell and polycrystalline Si solar cell with inverted nanopyramid were increased 
significantly from 8.122% to 9.075% and from 11.355% to 12.135%, respectively. These 
efficiencies were 11.733% and 6.869% higher than the result obtained for the planar 
monocrystalline Si solar cell and polycrystalline Si solar cell, respectively.   
  
Figure 6.9: The EQE values of (a) a monocrystalline Si solar cell and (b) 
polycrystalline Si solar cell with and without the inverted nanopyramid structures as 
a function of wavelength.  
(a) 
(b) 




The EQE curves for the monocrystalline Si solar cells and the polycrystalline Si solar 
cells with and without inverted nanopyramid layer are shown in Figure 6.9. This EQE 
measurement was carried out under a monochromatic illumination with a tungsten-
halogen lamp coupled to a monochromator. The EQE values of the monocrystalline Si 
solar cell and polycrystalline Si solar cell with inverted nanopyramid layer were 
significantly improved over the entire wavelength range compared to the non-imprinted 
solar cell. For instance, the EQE value increased by about 8% at 450 nm. This higher 
EQE values for the solar cells with inverted nanopyramid indicates enhanced light 
trapping, and reduced the reflections due to the imprinted nanostructures on top of the 
solar cell surface. This result was precisely matched with the reflectance value results 
shown in Figure 6.4. 
These results demonstrate that the periodic inverted nanopyramid structures reduced 
reflections, increased short circuit current and improved the efficiency of the 
monocrystalline silicon solar cells and polycrystalline solar cells under this study. This is 
due to the formation of a gradual refractive index gradient between air and the solar cell, 
which can reduce the Fresnel reflectance and direct more incident light inside the solar 
cell active material.  The combined light trapping and antireflection effect have been 
improved, and the optical path length has been prolonged by the inverted nanopyramid 
structures, resulting in increasing the overall conversion efficiency of the monocrystall ine 
Si solar cells and polycrystalline Si solar cells. In addition, the nanopyramid coating can 
be applied after the solar cell fabrication is completed to eliminate any losses due to 
surface damage by the etching processes [22].  
The light trapping technologies such as nanopillars[187], nanowires[188] and 
nanoholes[58] have been developed with the aim of enhancing the optical absorption 
within the active layer. However, a major reason for lower PCE in solar cell with 




nanopillars, nanowires and nanoholes is the high recombination rates due to the larger 
surface area, which is usually more than an order of magnitudes larger that the planar 
cells[189]. Compared to other nanostructures like as nanopillars, nanowires and 
nanoholes, the nanopyramid structures have smoother surface and lower surface area 
enhancement ratio[60].  
The effect of shape on the anti-reflective performance can be explained by using the 
effective medium theory[43]. According to the effective medium theory, the periodic 
structures can make the refractive index of the surface layer change gradually from air to 
substrate and therefore effectively suppress the surface reflection due to the large 
refractive index discontinuity at the two interface. For instance, the effective refractive 
index for the nanopillar structure would be an abrupt change at top of the nanopillar 
structure and then maintain the constant value from the top of the structure to the bottom. 
Meanwhile, the effective refractive index for the nanopyramid structures changes 
gradually from top of the structure to the bottom, which indicated refractive index of the 
nanopyramid structures shows better continuity than nanopillar and results in lower 
possible reflection. Therefore, nanopyramid structures could be a good choice for light 
harvesting due to their gradient refractive index profile that provided the best combination 




6.3.3 Surface wettability 
In outdoor environments, the solar cells can be easily contaminated by dust particles, 
which interfere with incident light affecting cell light absorption and thus reducing the 
device performance. Therefore, a self-cleaning ability at the top surface of the solar cell 
would maintain the cell performance when exposed to dusty environments [96, 171]. 




Figure 6.10 shows the contact angles values of water droplets on the bare solar cell, 
inverted nanopyramid patterned solar cell, and SAM-coated inverted nanopyramid 
patterned solar cell. As shown in Figure 6.10, the contact angle of the solar cell was 
increased from 55 to 96° after the formation of inverted nanopyramid structure, which 
exhibited a hydrophobic behavior. Moreover, the hydrophobicity was enhanced with 
SAM-coated inverted nanopyramid structures. In this case, the contact angle of the SAM-
coated patterned solar cell was increased to 125°. As a result, solar cells with inverted 
nanopyramids can utilize the self-cleaning functionality induced by the high hydrophobic 




Figure 6.10: Photographs of a water droplet on (a) bare solar cell, (b) patterned solar 
cell and (c) SAM-coated patterned solar cell. θc is a water contact angle. 





The periodic inverted nanopyramid structures were utilized as front surface coatings for 
the monocrystalline solar cells and commercially made polycrystalline Si solar cells using 
a UV nanoimprint lithography. The pyramid coating can be applied after cell fabrication 
to eliminate any losses due to surface damage by the etching processes. The periodic 
inverted nanopyramid structures have successfully reduced the Fresnel reflection and led 
to directing and trapping more incident light into the monocrystalline and polycrystall ine 
Si solar cells, thereby improving the short circuit current density and enhancing the power 
conversion efficiency. The power conversion efficiency of the monocrystalline Si solar 
cell and the polycrystalline Si solar cell with inverted nanopyramid structure were 
improved by 11.733% and 6.869% compared to the identical solar cells without the 
surface treatment. In addition, the high hydrophobicity of the solar cells with inverted 
nanopyramid structures provided a self-cleaning functionality. These results suggest that 
the periodic inverted nanopyramid structures with antireflection properties and self-
cleaning properties could be useful for different types of solar cells including thin films, 
flexible substrates and transparent cells.  
  




Chapter 7 Effects of film thickness and sputtering power on the 
properties of ITO thin films deposited by RF magnetron 
sputtering 
 
In this chapter, the effects of film thickness and sputtering RF power on the surface 
morphological, optical and electrical properties of Indium tin oxide (ITO) thin films and 
the deposition of ITO films onto the upright nanopyramid structured glass substrate are 
presented. The ITO thin films were grown on a glass substrate without introduc ing 
oxygen into the growth environment using RF magnetron sputtering technique. The 
dependence of surface morphological, optical and electrical properties at different film 
thicknesses and sputtering RF power were investigated. Results showed that these 
properties were strongly influenced by the film thickness and sputtering RF power. It was 
found that the resistivity, sheet resistance and optical transmittance of ITO thin films 
deposited on glass substrate decreased as film thickness increased from 75 nm to 225 nm 
while the surface roughness and optical bandgap increased. The optimum properties were 
obtained for ITO films 225 nm thick grown at 250 W RF power. This has revealed an 
excellent figure of merit of (38.4 × 10-4 Ω-1) with average transmittance (83.3 %), 
resistivity (9.4 × 10-4 Ω.cm), and carrier concentration (6.1 × 1020 cm-3). Finally, the ITO 
films were conformally deposited onto upright nanopyramid structured glass substrate 
using optimized parameters. These nanostructured ITO substrates are suitable for use as 









Indium tin oxide (ITO) thin films have been widely utilized in transparent and flexib le 
optoelectronics device fabrication technologies such as liquid crystal displays, plasma 
display panels, gas sensors, flat panel displays, solar cells and organic light-emit t ing 
diodes [190-193]. This is due to their low electrical resistivity and high optical 
transmission in the visible range. Various coating techniques have been utilized to deposit 
ITO thin films such as DC/RF magnetron sputtering [194], reactive thermal evaporation 
[195], ion beam sputtering [196], pulsed laser deposition [197], chemical vapour 
deposition [198] and spray pyrolysis [199]. Among these techniques, RF magnetron 
sputtering is one of the most extensively used deposition technique in many industr ies, 
due to its inherent advantages such as good reproducibility, low temperature process and 
large area film deposition capability [200]. However, the properties of ITO film are 
critically dependent on various deposition parameters, such as working gas pressure, RF 
power,  chamber environment, film thickness, target to substrate distance, substrate 
temperature, target specification and post deposition treatment [201, 202]. In the majority 
of reports, oxygen was used as a reactive gas during deposition and/or post-deposition 
annealing to decrease the resistivity of the films [203-205]. However, oxygen usage 
during either deposition or post-deposition annealing complicates the process and puts an 
extra unnecessary strain on the vacuum chambers. 
In this study, ITO thin films were grown by RF magnetron sputtering at room 
temperature without introducing oxygen into the growth environment. The main objective 
of this study is to evaluate the effects of film thickness and sputtering RF power on the  
surface morphological, optical and electrical properties of ITO thin films without 
introducing oxygen into deposition atmosphere. In addition, optimization of film 




thickness and sputtering RF power without added oxygen to produce high performance 
ITO suitable for solar cells applications has been demonstrated.    
7.2 Experimental details 
7.2.1 Preparation of ITO thin films 
In this work, ITO thin films were deposited on 0.5mm thick soda-lime glass substrates ( 
20 mm × 20mm ) by RF magnetron sputtering system (Edwards Auto500) using a solid 
ITO target (90:10 wt% In2O3:SnO2) with a purity of 99.99% , a diameter of 75 mm and 
5mm thick. The substrates cleaning procedure were normally carried out by dipping for 
few minutes in acetone, methanol, and isopropyl alcohol (IPA) solvents in an ultrasonic 
bath and rinsed with deionized water and then blown dry with Nitrogen gas.  The surface 
was further treated using oxygen plasma for 20 minutes before being loaded into the 
sputtering system.  
The sputterer chamber was pumped down using a turbomolecular pump before 
introducing the sputtering Ar gas, which had high purity (99.999%) and free of oxyge n. 
The base pressure of the chamber was in the range of about 3×10-6 mbar. The deposition 
process was carried out in an Ar flow rate of 10 sccm at room temperature (295K) with a 
processing pressure of 3.2×10-3 mbar. No oxygen was added during the deposition. The 
substrate holder was continuously rotated during the sputtering to enhance the film’s 
uniformity. The ITO films were grown at different thicknesses ranging from 75 nm to 
225 nm with a 50 nm increment at an RF power of 100 W. The films were also deposited 
at different RF powers from 100 W to 250 W in a 50 W steps to produce a fixed thickness 
of 225 nm. After deposition, the deposited films were diced into 5mm2 samples using a 
Tempress 602 dice saw system for the structural, optical and electrical analyses. After the 
optimization of sputtering parameters for solar cells applications, the ITO films were 




deposited on upright nanopyramids structured glass substrate at the optimized conditions. 
The fabrication process of upright nanopyramid structured glass substrates are described 
in Chapter 4. 
7.2.2 Film characterization 
The thickness of the films was measured using a Surface Profilometer DEKTAK 150. 
The surface morphology of the deposited films was observed by atomic force microscopy 
(AFM) under ambient air conditions. The optical transmittance spectra of films were 
carried out by a Cary Spectrophotometer 619 in the wavelength range from 200 to 800 
nm. Hall mobility, carrier concentration, and resistivity were measured using Van der 
Pauw Hall effect measurement method under a magnetic field of 0.51T. All 
measurements were conducted at room temperature (295 K). The upright nanopyramid 
structured ITO films were examined by scanning electron microscope (SEM) (JEOL 
7000F FE-SEM). 
7.3 Results and discussion 
7.3.1 Surface morphological analysis 
Figure 7.1(a) – (d) shows the AFM images of the surface morphologies of ITO films with 
thickness ranging from 75 nm to 225 nm prepared at an RF power of 100W respectively. 
Root mean square roughness, Rq, was determined from AFM data of 1 µm× 1 µm scan 
area.  The calculation was done by using Equation 7.1, where N is the number of equally 
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The surface roughness increases slowly as the film thickness increases from 75 to 
225 nm. It can be clearly seen from Figure 7.2 that, as the thickness reaches 225 nm, the 
RMS roughness rises up to 12.5 Å. These significant changes in roughness with 
increasing film thickness is due to the reflecting nucleation, coalescence and continuous 
film growth processes ( Volmer – Weber type) [206]. Figure 7.1 demonstrates that the 
RMS value of the roughness is strongly influenced by the degree of aggregation and 
cluster size of the thin films.  This is in agreement with the principle that different cluster 
or grain size affects the surface roughness of the thin films [207]. 
Figure 7.1: AFM images of ITO films at an RF power of 100 W with different 
thicknesses (a) 75nm, (b) 125nm, (c) 175nm, and (d) 225nm. 





Figure 7.3(a) – (d) shows the AFM images of the surface morphologies of the 225nm 
thick ITO films prepared with different RF powers in the range from 100 W to 250 W.  
The values of the RMS roughness for the 225 nm thick ITO films deposited with RF 
power varying from 100 W to 250 W are shown in Figure 7.4. It is observed that the 
sputtering RF power also has an influence on the surface structure of ITO films. The ITO 
films grown at 100 W RF power have the comparatively low kinetic energy of sputtered 
particles compared to 250 W RF power, which leads to relatively more random 
orientation and various sizes of grain growth which lead to manifest as a rough surface. 
The sputtered particles have sufficient energy for uniform distribution of grain growth 
and thus lead to a smoother surface with increasing in RF sputtering power. 
 
  
Figure 7.2: RMS roughness Rq of the surface of ITO films deposited at an RF power 
of 100 W with different thicknesses.  





Figure 7.4: RMS roughness Rq of the surface of 225 nm thick ITO films deposited 
with different RF power. 
Figure 7.3: AFM images of 225 nm thick ITO films with different RF power (a) 100 
W, (b) 150 W, (c) 200 W, and (d) 250 W. 




7.3.2 Electrical properties 
Figure 7.5 illustrates the variation of resistivity, carrier concentration, and Hall mobility 
of the ITO films grown at an RF power of 100W as a function of film thickness. Carrier 
concentration increases rapidly with the film thickness increasing from 75 nm to 225 nm 
and reaching a maximum of 1.12×1021 cm-3. It is also observed that resistivity decreases 
with an increase in the film thickness from 75 to 175 nm and remains almost constant 
afterwards. 
 
Figure 7.6 shows the sheet resistance and the resistivity as a function of the film 
thickness. The sheet resistance of ITO thin films is calculated by the following equation: 
𝑅𝑆 =
𝜌
𝑡⁄                           (7.2) 
Where ρ – resistivity, t – thickness of ITO film and RS sheet resistance. 
Figure 7.5: Variation of the resistivity, carrier concentration and Hall mobility of 
ITO films with film thickness. 




It is found that the sheet resistance decreases rapidly as the ITO film thickness 
increases from 75 nm to 125 nm. For further increase of the ITO film thickness, the sheet 
resistance decreases slowly and the minimum sheet resistance obtained is about 27.5 Ω/sq 
for a film thickness of 225 nm. The decrease in sheet resistance with increasing film 
thickness is due to an increase in carrier concentration of the films which results from the 
enlarged grain size. It has been reported by H Kim et al that grain size increased with an 
increase in ITO film thickness [208] which support our findings. The values of the carrier 
mobility drop with increased surface roughness, probably, due to the electron scattering 
at the grain boundaries and increse in density of surface states. It has also been reported 
that the carrier mobility is limited by the grain boundaries [209]. However, the carrier 
mobility increases as the film thickness increased from 75 nm to 125 nm then decreases 
as the film thickness increased from 125 to 225 nm.  
 
Figure 7.7 shows the electrical resistivity, carrier concentration and Hall mobility of 
the 225 nm thick ITO films as a function of the RF power. Carrier concentration decreases 
Figure 7.6: Variation of the resistivity and sheet resistance of ITO films with film 
thickness. 




from 1.12×1021 cm-3 to 6.07×1020 cm-3 when RF power is increased from 100 W to 250 
W. This indicates that the increased damage by the negative ion collision influences the 
carrier concentration. The mechanism of carrier concentration drop by the negative ion 
damage can be explained by the decrease in oxygen vacancies as donors and the increase 
in bivalent In or Sn as acceptors [210].  
 
The carrier mobility increases gradually with RF power in the range from 100 W to 
200 W then decreases rapidly when the RF power is increased above 200W. There is a 
slight fall in the resistivity and sheet resistance for an RF power between 100 W and 150 
W as shown in Figure 7.8. However, the values of the resistivity increase gradually when 
the RF power is in the range from 150 W to 250 W. The decrease in sheet resistance with 
an increase in RF power from 100 to 150 W is attributed by a lower collision of negative 
ions [210]. While for an RF power over 150 W, bombardments became stronger which 
Figure 7.7: Variation of the resistivity, carrier concentration and Hall mobility of 
225 nm thick ITO films grown at various RF power. 




lead to a low density of Oxygen vacancies. In general, this result indicates that a lower 
sputtering RF power is preferred for decreasing the resistivity of ITO film. 
7.3.3 Optical properties 
Figure 7.9 shows the optical transmittance spectra of ITO films measured at different 
thicknesses in the wavelength range of 300-800nm. Samples were prepared at an RF 
power of 100 W. The average transmittance of all samples in the visible range is over 
75% as shown in the inset of Figure 7.9.  
With increasing the thickness from 75 to 225 nm, the average transmittance in the 
wavelength range of 400-800 nm decreased slowly. This decrease in transmission may be 
due to free carrier absorption that increases as the carrier density increases in the thicker 
films. Furthermore, all of the ITO films exhibit sharp absorption edge in the ultravio let 
region, which may be associated with the direct transition of electrons between the 
conduction band and valence band. It is seen that the absorption edge shifts gradually to 
lower photon energy with an increase in the film thickness. It can also be seen that the 
transmittance in the visible region is influenced by the ITO film structure and surface 
Figure 7.8: Variation of the resistivity and sheet resistance of 225 nm thick ITO 
films grown at various RF power. 
nm 




morphology. As the surface roughness increases with an increase in film thickness, there 
is a slight enhancement in surface scattering which results in a gradual drop in optical 
transmittance in the visible region. 
 
The optical absorption coefficient (α) can be estimated using the following formula.  
𝛼 =
ln( 1 𝑇⁄ )
𝑡
                       (7.3) 
Where T is the transmittance and t is the thickness of the film. 
Figure 7.9: Optical transmittance of ITO film as a function of wavelength with 
different thicknesses at RF power of 100 W. Inset shows the average transmittance of 
those ITO film in the wavelength ranges from 400-800 nm. 
. 




For a direct band semiconductor of allowed band to band transition, the optical 
energy band gap (Eg) of the thin films can be calculated by using the value of α in the 
following equation. 
𝛼(ℎ𝜐) = 𝐴(ℎ𝜐 − 𝐸𝑔 )
1
2⁄            (7.4) 
Where h is Planck’s constant, υ is the frequency of the incident photon and A is constant.  
The optical energy band gap of the film is determined by plotting (αhυ) 2 as a function of 
photon energy (hυ), and extrapolating the linear portions of (αhυ) 2 against photon energy 
(hυ) where  (αhυ) 2 is zero, then the photon energy is equal to the optical energy band gap.  
 
 
Figure 7.10: (αhυ) 2 against photon energy (hυ) with different film thicknesses at RF 
power of 100 W. Inset shows Variation of optical band gap Eg of those ITO films. 
 




Figure 7.10 illustrates the plots of (αhυ) 2 against photon energy (hυ) with various 
film thicknesses at an RF power of 100 W.  The  inset in Figure 7.10 shows the 
dependence of optical energy band gap, Eg, on film thickness, and the value increases 
from 3.831 eV for 75 nm sample to 4.003 eV for the 225 nm sample. The fact that the 
increase in optical band gap is correlated to increase in carrier concentration with respect 
to increased film thickness could also be seen in Figure 7.5. This shift of the band gap 
can be explained by Burstein – Moss shift [211, 212]. Increasing the number of carriers 
with an increase in film thickness leads to shift in the Fermi level above the bottom of the 
conduction band, thereby causing an enlargement in the optical band gap of the ITO films. 
 
  
Figure 7.11: Optical transmittance of 225 nm thick ITO film as a function of 
wavelength with various RF power. The inset shows the average transmittance of those 
ITO film in the wavelength ranges from 400-800 nm. 




The optical transmittance spectra of the 225 nm ITO film prepared with different RF 
power are shown in Figure 7.11 in the wavelength range of 300-800 nm. The average 
transmittance of all samples during the visible range is over 75%. With increasing RF 
power, the average transmittance in the wavelength range of 400-800 nm increases 
gradually from 75.2 % for 100 W sample to 83.3 % for 250 W sample. 
 
Figure 7.12 illustrates the plots of (αhυ) 2 against photon energy (hυ) for the 225 nm 
thick ITO film with various RF powers. The inset in Figure 7.12 shows the variations of 
the optical energy band gap Eg as a function of RF power. The absorption edge shifts 
towards the higher energy as shown in Figure 7.11 and the energy gap drops from 4.003 
eV to 3.881 eV upon increasing the RF power from 100 W to 250 W. These optical energy 
band gap values have a strong correlation with carrier concentration and shift in Fermi 
level, which influences the optical band gap. 
Figure 7.12: (αhυ) 2 against photon energy (hυ) of 225 nm thick ITO film with various 
RF power. Inset shows variation of optical band gap Eg of those ITO films. 




For the photovoltaic applications, ITO thin films must have low resistivity and high 
optical transmittance. To obtain the best performance of transparent conducting films, 




⁄                  (7.5) 
Where, T is the average optical transmittance and RS is the sheet resistance of the films. 
The values of  𝜙𝑇𝐶  for the ITO films with different thicknesses and RF sputtering powers 




It can be seen that due to its high resistance, the75 nm thick ITO film prepared at 
100 W RF power has a minimum 𝜙𝑇𝐶  value. The highest value of  𝜙𝑇𝐶   for films 
prepared at 100 W was obtained at a thickness of 125 nm. The overall optimum value of 
the figure of merit 𝜙𝑇𝐶  is 38.4 × 10
-4 Ω-1, this value was obtained for ITO film with a 
thickness of 225 nm and RF power of 250 W. This ITO film fulfills the optical and 


















100 75 85.0 158.1 12.4 
100 125 84.0 49.1 35.5 
100 175 79.4 30.9 32.1 
100 225 75.2 27.5 20.9 
150 225 76.8 21.6 33.1 
200 225 80.3 37.3 30.1 
250 225 83.3 41.7 38.4 
Table 7.1: Thickness and RF sputtering power dependence of figure of merit values 
of ITO thin films. 




transmittance and carrier concentration of ITO thin films of this work are compared in 
Table 7.2 with previous reported works of ITO films prepared by different techniques. 
 
Table 7.2: Comparison of values of electrical and optical properties for ITO thin films 
























50 95.0 6.57 × 10-4 1.62 × 1021 [214] 
Pulsed laser 
deposition  
400 85 2.4 × 10-3 1.9 × 1020 [197] 
Ion beam 
sputtering 




215 90 1.8 × 10-4 3.4 × 1020 [215] 
RF magnetron 
sputtering  
220 88 5.8 × 10-4 3.4 × 1020 [216] 




7.3.4 Nanotextured ITO film for solar cells 
 
 
Figure 7.13 shows the top and cross-sectional view of the ITO film deposited on upright 
nanopyramid structured glass substrate at optimized conditions. The optimized values of 
the sputtering parameters can be found in the section 7.3.3. It can be clearly observed that 
(a) 
(b) 
Figure 7.13: SEM images of ITO film deposited on upright nanopyramid structured 
glass substrate (a) top view and (b) cross-sectional view.  




the ITO films were conformally coated the upright nanopyramid structured glass 
substrates.  
Various light management scheme have been studied for enhancing light harvesting 
efficiencies in solar cells, such as anti-reflective coating [217], photonic crystals [218], 
Plasmonic nanostructures with periodic gratings [219], metal nanoparticles [220] and 
nanostructured transparent electrodes [221]. Nanostructured transparent electrodes have 
already been explored for a number of solar cells, such as organic based PV [222-224], 
perovskite [97] and thin film silicon solar cells [32, 93, 225, 226]. Such nanostructured 
transparent electrodes are intended to reduce the reflection and improve the light trapping 
properties. 
Research on upright nanopyramid textured transparent electrodes for solar cells for 
enhanced light incoupling has not been demonstrated. Textured transparent electrodes 
have to fulfill a number of requirements on its electrical and optical properties, such as 
low resistivity and high optical transmittance in the relevant wavelength and light 
scattering features. As described in Chapter 5, upright nanopyramid structures offer a 
better-graded index medium to the incident light and possess strong light scattering 
properties.  Therefore, the upright nanopyramid textured ITO electrode can be used for 
enhancing light harvesting efficiencies in organic, perovskite and thin film Si solar cells.  
  





In this chapter, the surface morphological, optical and electrical properties of ITO thin 
films prepared by RF magnetron sputtering and the deposition of ITO films onto upright 
nanopyramid structured glass substrates were studied. The ITO films were prepared 
without introducing oxygen into the growth environment and deposited at different film 
thicknesses and RF powers at room temperature. This study reveals that both the electrical 
and optical properties are dependent on film thickness as well as sputtering RF power. 
AFM images of the ITO thin films reveal that surface roughness value increase with 
increasing the film thickness from 75 nm to 225 nm.  
The grown ITO films exhibit low resistivity and high optical transmiss ion in the 
visible region. The lowest sheet resistance of the ITO thin films obtained is 21.6 Ω/sq for 
225 nm thickness deposited at 150 W RF power. The average optical transmittance (400-
800 nm), carrier concentration, carrier mobility are 76.8 %, 10.6 × 1020 cm-3, and 12.1 
cm2/V.s, respectively. For the photovoltaic applications, both excellent optical 
transmittance and high conductivity are required. The 225 m thickness ITO films prepared 
at 250 W RF power have a suitable figure of merits values, which exhibits 83.3 % average 
optical transmittance (400-800 nm), 9.4 × 10-4 Ω.cm resistivity, 6.1 × 1020 cm-3 carrier 
concentration and an 11 cm2/V.s carrier mobility. ). Finally, the ITO films were 
conformally deposited onto upright nanopyramid structured glass substrate at optimized 
parameters. These nanostructured ITO electrodes are suitable for photovoltaic device 
applications with the potential to enhance the efficiency of different types of cells 
including organic, perovskite and thin film Si solar cells. 
  




Chapter 8 Conclusions and future perspectives 
 
8.1 Conclusions 
Reducing optical losses in the solar cells has always been a key challenge in enhancing 
the power conversion efficiency of the solar cells without increasing the cost. In order to 
enhance the power conversion efficiency of the solar cells, a number of light trapping and 
antireflection schemes have been investigated to reduce the reflections and manipulate 
the light inside the absorber layer and to increase the effective optical path length of the 
light within the absorber layer of the solar cells. Optical optimizations on high 
performance c-Si solar cells have demonstrated that the inverted nanopyramid structures 
could be a more suitable candidate for an anti-reflection and light trapping due to their 
gradient refractive index tapered profile [60, 62, 227]. In addition, among all studied 
nanostructures, the inverted nanopyramid structures possess the advantages of achieving 
the desired function in a relatively low surface area and negligible surface damages, 
which reduces the electronic losses [67, 228]. It has also been demonstrated the effect of 
pyramid size on the reflectance over the wide wavelength range through optical 
simulation studies [61, 67]. It has been shown that as the feature size of the pyramid 
increases to the mid-wavelength, light absorption is enhanced over entire solar spectrum 
due to introduced better light coupling inside the solar cells.  
In this work, periodic upright and inverted nanopyramid structures were explored as 
the light trapping nanostructures to improve the performance of the solar cells using UV 
nanoimprint lithography (UV-NIL). In addition, their superhydrophobic property was 
utilized to add a self-cleaning functionality to the front encapsulation. 
 




Firstly, the inverted nanopyramid structures were fabricated on Si substrate by LIL 
and subsequent pattern transfer by combined reactive ion etching and KOH wet etching. 
Maskless LIL was employed as a high-throughput, high resolution and low cost technique 
for the fabrication of large scale periodic nanostructures. The pattern of nanoholes was 
recorded on AZMiR 701 i-line positive photoresist using LIL by double exposure. The 
CHF3/Ar plasma etching was performed to transfer the nanoholes pattern into thin SiO2 
interlayer. Then, the O2 plasma etching was performed to transfer the pattern into ARC 
layer with thin SiO2 as a mask. After, the pattern was transferred into the thermal oxide 
layer using CHF3/Ar plasma etching. The inverted pyramid structures were completely 
formed on Si substrate by KOH wet etching and the SiO2 mask layer was removed by 
buffered HF etching. 
The periodic inverted nanopyramid structures on a silicon substrate were used as a 
master mold substrate for the imprint process. In the first nanoimprint process, the upright 
nanopyramid structures with antireflective and hydrophobic properties were fabricated 
on the glass substrate by simple, high throughput and low cost UV nanoimprint 
lithography using Si master mold with inverted nanopyramid structures. The upright 
nanopyramid structures were fabricated on the OrmoStamp coated glass substrate using 
Si master mold with high fidelity. The upright nanopyramid structured glass substrate 
was used as protective cover glass for solar cells application and as a mold for the second 
imprint process.  
The diffuse transmittance and haze ratio values were significantly increased for the 
upright nanopyramid patterned glass, especially, in the wavelength range 300-600 nm 
compared to the bare glass. This indicates that an antireflection and strong light scattering 
functions were achieved due to the upright nanopyramid structures. The use of upright 
nanopyramids patterned glass as a cover glass, the power conversion efficiency of the 




encapsulated monocrystalline Si solar cell and commercially made polycrystalline Si 
solar cell were substantially enhanced by 10.888% and 8.216%, respectively. This is 
mainly due to the oblique scattering and prolonging the optical path length by the upright 
nanopyramid structures compared to the reference cells with bare glass. In addition, the 
fluorinated upright nanopyramid structured cover glass exhibited larger θCA ~132° and 
excellent self-cleaning properties for dust particles. This was confirmed by rolling down 
water droplets as compared with the bare cover glass (θCA~ 36°).  
In the second nanoimprint process, the periodic inverted nanopyramid structures 
were fabricated on the monocrystalline solar cell and commercially made polycrystall ine 
Si solar cell front surfaces using a UV nanoimprint lithography. The pyramid coating can 
be applied after cell fabrication to eliminate any losses due to surface damage by the 
etching processes. The inverted nanopyramid coating decreased the reflectance and 
increased the external quantum efficiency over a broad wavelength in the visible range. 
Reflection reduction can be explained by the nanostructured surfaces and the gradual 
change of the refractive index from air to Si. The gradual change of refractive index leads 
to a better light coupling inside the solar cells. It is also expected that light trapping is 
enhanced inside the solar cells since pyramidal tapered profile represents a gradual 
change from the uniform Si base to the periodic inverted nanopyramid structures at the 
apex. This allows the incident light to be coupled and guided inside the solar cells, 
resulting in an increased the effective optical path length of the light in the solar cells. 
The periodic inverted nanopyramid structures have successfully reduced the Fresnel 
reflection and led to directing and trapping the incident light into the monocrystalline and 
polycrystalline Si solar cells, thereby improving the short circuit current density from 
29.442 mAcm-2 to 32.793 mAcm-2 and from 32.512 mAcm-2 to 33.725 mAcm-2 and 
enhancing the power conversion efficiency by 11.733% and 6.869%, respectively. 




Moreover, the surface of the solar cells exhibited hydrophobic properties due to increased 
contact angle caused by the nanostructure patterns and the self-assembled monolayer 
coating. The enhanced hydrophobicity provided the solar cells with an added self-
cleaning functionality.  
These results also suggest that the periodic inverted nanopyramid and upright 
nanopyramid structures with light harvesting and self-cleaning properties have a 
considerable potential for various types of solar cells and optical systems in outdoor dusty 
environments.   
Finally, the surface morphological, optical and electrical properties of ITO thin films 
prepared by RF magnetron sputtering and the fabrication of ITO films onto upright 
nanopyramid structured glass substrate were studied. The ITO films were prepared 
without introducing oxygen into the growth environment and deposited at different film 
thicknesses and RF powers at room temperature. This study reveals that both the electrical 
and optical properties are dependent on film thickness as well as sputtering RF power. 
AFM images of the ITO thin films reveal that surface roughness value increase with 
increasing the film thickness from 75 nm to 225 nm. The grown ITO films exhibit low 
resistivity and high optical transmission in the visible region. For the photovolta ic 
applications, both excellent optical transmittance and high conductivity are required. The 
225 m thickness ITO films prepared at 250 W RF power have a suitable figure of merits 
values, which exhibits 83.3 % average optical transmittance (400-800 nm), 9.4 × 10-4 
Ω.cm resistivity, 6.1 × 1020 cm-3 carrier concentration and an 11 cm2/V.s carrier mobility. 
The ITO films were conformally deposited onto upright nanopyramid structured glass 
substrate at optimized parameters. These nanostructured ITO electrodes are suitable for 
photovoltaic device applications to enhance the efficiency of organic, perovskite and thin 
film Si solar cells. 




8.2 Future perspectives 
This thesis has provided the methodologies to fabricate periodic nanopyramids structured 
glass substrates with multifunctional properties which can be applied as a protective cover 
glass and on the top and back side texturing to improve the performance of solar cells. 
However, further optimizing of the light trapping schemes and solar cells design to enable 
higher performance at low cost is still required. Some suggestions for future research and 
development are presented as follows: 
8.2.1 Plasmonic nanostructures 
The plasmonic back reflectors have been utilized for light trapping in thin film solar cells, 
which can be incorporated with the metal back reflector in a standard solar cell design. 
The integrated plasmonic nanostructures can couple the light into photonic modes or 
surface plasmon polariton (SPP) modes at the metal-semiconductor interfaces [229, 230]. 
It has been demonstrated that the performance of the solar cells can be enhanced by 
integrating the nanostructured back reflector into solar cells [160, 231, 232]. A variety of 
nanostructures, such as nanocones [178], nanodome [233], nanovoid [234], and 
nanocylinder-induced conformal structures [231], have been commonly used for 
plasmonic back reflectors for a-Si thin film solar cells. In the a-Si solar cell design, Ag 
can be deposited on the periodic upright nanopyramid structured glass substrate and 
implemented as a metal back reflector substrate for solar cells. This upright nanopyramid 
structured solar cell would provide several enhancement mechanisms.   
 




8.2.2 Light trapping with dielectric nanoparticles and nanostructures 
To avoid the inherent losses associated with metallic nanoparticles, dielectric 
nanoparticles have been extensively employed in solar cells, due to the almost negligib le 
absorption loss in the visible to near infrared range and broadband scattering, which is 
useful to enhance the performance of the solar cells [235, 236]. Also, the refractive indices 
of the dielectric nanoparticles are normally from 1.5 to 2.0 making them potential 
candidates for antireflection components in the solar cell design, in particular, when they 
are integrated on the top side of solar cells. As discussed in Chapter 6, the power 
conversion efficiency of the solar cells was enhanced by incorporating the periodic 
inverted nanopyramid structures on the front side of the solar cells. The dielectric 
nanoparticles can be incorporated into the nanopyramid structures, which can further 
enhance the efficiency of the solar cells.   
8.2.3 Nanophotonic transparent front electrodes for perovskite solar cells  
Nanophotonic transparent electrodes have already been explored for a perovskite solar 
cells [97]. Such nanostructured transparent electrodes are intended to reduce the reflection 
at the interfaces of the front electrode and to improve the light trapping, resulting in an 
increase the effective optical path length of the light in the photoactive material. Research 
on upright nanopyramid textured transparent electrodes for solar cells for enhanced light 
incoupling has not been demonstrated. The transparent nanopyramid structured front 
electrodes can be fabricated as described in Chapter 7, section 7.3.4, and used for 
improved light incoupling in perovskite solar cells.    
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Appendix A-List of equipment used in this research work  
 
  
Figure A-1: The Edwards Auto500 
Magnetron sputtering system for 
material deposition using DC, RF 
sputtering and e-beam evaporation 
techniques. 
Figure A-2: The Balzers BA 510A 
thermal evaporator system for 
depositing materials.  





















Figure A-6: The Emitech K1050X 
oxygen plasma Asher for substrate 
cleaning and surface treatment. 
Figure A-4: The Karl Suss mask 
aligner system (MA-6) for 
photolithography and UV-NIL. 
Figure A-5: The Oxford Plasma 
80plus Reactive Ion Etching System 
(RIE) for pattern transfer process. 
Figure A-3: The Heidelberg µPG101 
Laser Mask Writer system for 
patterning mask. 







Figure A-8: The quartz tube furnace for 
oxidation, diffusion and annealing process.  
Figure A-10: The Lloyd's mirror laser 
interference lithography setup for patterning 
of the resist.   
Figure A-7: The Headway PWM32-
PS-R790 spin coater for spin coating 
process. 
Figure A-9: The Elmasonic S 60H 
Ultrasonic bath from for ultrasonic 
cleaning process. 














Figure A-11: The Digital Instruments 
Dimension 3100 Atomic Force Microscopy 
(AFM) system for imaging surface 
topography. 
Figure A-12: The Au/Pd sputter coater from 
Polaron Equipment Ltd for SEM sample 
preparation. 
Figure A-13: The Raith-150 electron beam 
lithography (EBL) system for imaging. 
Figure A-14: The Veeco Dektak 150 
profilometer system for surface profile 
tracing. 





Figure A-17: The JEOL JSM 7000F field 
emission, high resolution scanning electron 
microscope for imaging. 
Figure A-15:  The current density-voltage 
measurement setup for a solar cell using a 
solar simulator (ABET Sun3000) and 
Keithley 2400 source meter. 
Figure A-16: The Van der Pauw Hall 
effect measurement setup for electrica l 
measurements. 
Figure A-18: Cary Spectrophotometer 
619 for transmittance measurements. 







Figure A-19: A homebuilt typical setup 
for EQE measurements at Victoria 
University of Wellington. 
Figure A-21: The Tempress 602 dice saw 
system for cutting the substrates. 
Figure A-22: A drying Oven from 
SANYO for baking samples. 
Figure A-20: A contact angle 
goniometer with Edmund Scientific 
Camera for measuring surface wettability 
from Department of Chemistry, UC. 
